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The history of medicine is the history of human with disease, too. Because the 
advance of medicine is unrelenting, now many previous diseases without a cure 
can be recovered fully. However, while the type decreased, cancers heading the 
list of diseases that do not have an effective treatment still exist and many lives 
of people are being terrified by them. 
One of them is diabetes; its main symptom is pathologic rising of blood 
glucose concentration that is brought on by the tumultus of control system in the 
body. The rapid rising brings on the disturbance of consciousness by diabetic 
ketoacidosis that expose patient to danger of life. In the case that concentration 
of blood glucose did not rise rapidly, the continuation of high blood glucose level 
damages peripheral vessel, the complication that is represented by diabetic 
neuropathy, diabetic retinopathy and diabetic nephropathy. 
The diabetes have two types, one is the type 2 diabetes that is known as 
lifestyle disease. The plethoric consumption of sugar, adipose and salt turned 
down the insulin responsiveness, as a result rising of blood glucose 
concentration appeared. This type accounts 90% of total patients. In this case, if 
the disease is an early stage, alimentotherapy and ergotherapy were applied to 
patient. When they did not combat effectively, the oral antihyperglycemic drug 
that encourage the secretion of insulin is dosed, even so the symptom did not be 
change for the better, insulin injection is applied finally. On the whole, the control 
of blood glucose concentration is comparatively easy but the severe case. 




is the destruction of β cells that is brought on by the autoimmune disease, and 
the alimentotherapy and ergotherapy can not combat effectively because the 
insulin secretion with a capital is lost. So now only the insulin injection is effective 
as a pharmacological treatment. However, the insulin should be injected before 
30 min of diet exactly, and it is a very long burden for patient. In the worse case, 
if the β cells are destructed completely, the control of blood glucose 
concentration only by insulin injection become hard and ketoacidosis will 
experience easily. Finally the patient needed a transplantation of pancreas or 
islets [1, 2]. 
It is possible for pancreas transplantation to let patient rid themselves 
completely of insulin injection. However, either the pancreas or islet 
transplantation, when the donated organ or tissue is moved into the body of 
recipient because they are foreign substance for recipient, after the activation 
the immune system began to attack the organ or tissue. As a result, transplanted 
organ can not be accepted by the body of recipient, graft survival rate decrease. 
The transplantation of pancreas is organ transplantation so it has a high 
insulin secretion effect. However, because surgical operation is fundamental, it 
has high invasive for recipient, and the immune rejection is very strong. In 
contrast, islet transplantation is cellular transplantation so the burden of recipient 
is very little because it does not need a surgical operation but catheter to 
transplant. 
The immune system is activated when the foreign substance invade to inside 
of the body. In the case that islets were transplanted into inportal, after the 






thrombus were made on the surface of islet and graft was damaged additionally 
by instant blood-mediated inflammatory reactions (IBMIR) [3–12]. 
As methods to protect islets from these systems, one is simply the physical 
isolation of islet by membrane, another is the biochemical protect by localizing 
drug that inhibit these systems around islets. If the former is the case, 
encapsulation of islets by algin acid and agarose is typical [13–27]. Of the latter, 
recombinant enzyme protein that introduced functional group is immobilized with 
surface of islets by crosslinker [28-40]. As each defect, in the case of 
microcapsulation, because the supply of oxygen and nutrition to encapsulated 
islets depends on osmosis, so the central necrosis appears after long term. And 
in the case of protein immobilization, because the functional group of enzyme 
was recombinant, there is a risk to apply to human body. Either way, polymer 
materials are almost used in these researches, the improvement of those 
materials is necessary. 
The destination of this research is the improvement of polymer materials for 
artificial pancreas and it can be separated two parts. Part I is about the method 
to protect transplanted intravascular islets biochemically (Chapter.1-3). Part II is 
about the physical protection of transplanted islets and the securement of β cells 
expected donors (Chapter.4, 5).  
In Chapter.1, the immobilization of nonrecombinant protein to islet surface by 
using PEG phospholipid conjugate was developed. Transplantation of islets of 
Langerhans is a promising method for treating patients with insulin-dependent 
diabetes mellitus. The major obstacle in clinical settings is early graft loss due to 




surface of the islets after intraportal transplantation. It is proposed a versatile 
method for modifying the surface of islets with the fibrinolytic enzyme urokinase 
and the soluble domain of the anticoagulant enzyme thrombomodulin. The 
surfaces of islets were modified with a poly(ethylene glycol) phospholipid 
conjugate bearing a maleimide group (Mal–PEG–lipid; PEG MW=5000 kDa). 
The Mal–PEG–lipid anchored to the cell membranes of islets, resulting in the 
presentation of functional maleimide groups on the islet surface. The surface 
was further treated with thiolated urokinase and thrombomodulin that conjugated 
by thiol/maleimide bonding. No practical islet volume increase was observed 
after surface modification, and the modifications did not impair insulin release in 
response to glucose stimulation. Furthermore, the activity of the immobilized 
urokinase and thrombomodulin was maintained. These modifications could help 
to improve graft survival by preventing thrombus formation on the surface of 
transplanted islets. 
In Chapter.2, as a complementary method, the non protein low molecular 
weight drug was immobilized on islet surface by using encapsulation into 
liposome. An unresolved obstacle in transplantation of islets of Langerhans is 
the early graft loss caused by thrombotic reactions on the surface of islets after 
intraportal transplantation. It was investigated a versatile method for modifying 
the surface of islets with liposomes carrying the anticoagulant argatroban using 
an amphiphilic poly(ethylene glycol)-phospholipid conjugate derivative 
(PEG-lipid) and DNA hybridization. Argatroban was gradually released from the 
liposomes on the islets, and antithrombic activity was detected in culture medium. 






glucose concentration changes. Although it was mainly examined surface 
modification of islets, this technique may be useful for immobilizing various types 
of small molecules on cells and tissues and thus may have many applications in 
cell therapy and regenerative medicine. 
In Chapter.3, because in these experiments PEG lipid was used, the control of 
cell attachment was tried by using oligoDNA PEG lipid conjugate. Cell–cell 
interactions play vital roles in embryo development and in homeostasis 
maintenance. Such interactions must be stringently controlled for cell-based 
tissue engineering and regenerative medicine therapies, and methods for 
studying and controlling cell–cell interactions are being developed using both 
biomedical and engineering approaches. In this study, it was prepared 
amphiphilic PEG-lipid polymers that were attached to oligoDNA with specific 
sequences. Incubation of cells with the oligoDNA–PEG-lipid conjugate 
transferred some of the oligoDNA to the cells’ surfaces. Similarly, 
oligoDNA–PEG-lipid conjugate using oligoDNA with a complementary sequence 
was introduced to the surfaces of other cells or to a substrate surface. Cell–cell 
or cell–substrate attachments were subsequently mediated via hybridization 
between the two complementary oligoDNAs and monitored using fluorescence 
microscopy. 
In Chapter.4, the polymer gel is useful for development of cell encapsulation, 
so the gelation rate of disulfide crosslink was determined. Kinetic analysis were 
carried out for formation of disulfide crosslinkages between thiol groups on linear 
polymers, poly(acrylamide-co-N-acrylcysteamine) (P-SH). Disulfide 




the thiol-disulfide exchange reaction induced by addition of disulfide compounds 
gluthathione. In the auto-oxidation reaction, the rate constant for disulfide 
formation highly depended on pH values of the reaction mixtures and the P-SH 
concentrations. Gelation rate is too slow to enclose living cells into hydrogel 
under physiological pH 7.4. The hydrogel formation rate can be accelerated by 
addition of disulfides, such as oxidized glutathione. In the later case, oxygen in 
the reaction mixture is not consumed. The thiol-disulfide exchange reaction is 
much more suitable for the cell encapsulation than the thiol auto-oxidation 
reaction. These findings give a basis for enclosure of living cells in a hydrogel. 
In Chapter.5, because the differentiation of β cells from stem cell is expected 
as a cell resource. The method to identify the special cells without killing them by 
secretion product from wide variety cells is developed. Embryonic stem (ES) 
cells hold promise as a source for cell transplantation treatment of diseases such 
as type I diabetes. Further, cells releasing bioactive substances from ES cell 
progeny may be concentrated and purified for clinical applications. Although ES 
cell lines that express reporter genes have been established to isolate cells 
releasing bioactive substances, other difficulties must be overcome before these 
genetically modified cells can be used for gene therapy in human patients. 
Fluorescence- or magnetic-activated cell sorters are commonly used to isolate 
specific cells using antibodies against cell surface antigens. However, for some 
cells, such as insulin-producing beta cells, specific surface antigens have not yet 
been identified. In this study, a simple and efficient method to identify and purify 
insulin- and alpha-fetoprotein-producing cells was developed. A nitrocellulose 






placed on a cell layer to trap insulin or alpha-fetoprotein released from the cells. 
The location of specific substance-producing cells was identified by 
immunostaining the membrane. The insulin-releasing cells were selectively 
collected from the culture dish using a cloning ring and transferred to another 
culture plate. 
In summary, this thesis describes the approach on application of polymer 
materials for improvement of artificial pancreas from various fields. The author 
strongly believes that the results give some valuable information for the future 
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Co-immobilization of urokinase and thrombomodulin on 
islet surfaces by poly(ethylene glycol)-conjugated 
phospholipid 
 
1. 1. Introduction 
Transplantation of islets of Langerhans (islets) has been proposed as a safe 
and effective means of treating patients with insulin-dependent diabetes mellitus 
(type I), although it is still an experimental procedure [1, 2]. The Edmonton 
protocol demonstrates an increased rate of insulin independence and glycemic 
stability after intraportal transplantation of islets. However, large numbers of 
islets are needed to achieve insulin independence; thus, numbers of islets from 
only one donor for each recipient is not enough. This may be because many 
islets are lost early after intraportal transplantation [2]. It was reported that most 
transplanted islets are destroyed by instant blood-mediated inflammatory 
reactions (IBMIR) [3]. Systemic administration of anticoagulants such as low 
molecular weight dextran sulfate [4] and the thrombin inhibitor melagatran [5] 
inhibits IBMIR; however, patients who receive these anticoagulants may be at 
high risk for bleeding. Recently, it was reported that heparin coating the islets 
could be an alternative to the systemic administration of anticoagulants [6]. 
Biotin–avidin interactions were used to immobilize heparin on the islet surface. 
The immobilization of recombinant thrombomodulin (TM) onto the surface of 
islets was also achieved [7]; phosphine molecules were covalently conjugated to 
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the amino groups of membrane proteins by Staudinger ligation for immobilization 
of TM. Moreover, the immunogenic protein avidin, which is derived from 
xenogeneic spices, could induce unfavorable host immune reactions after 
transplantation of the modified islets. 
To modulate the immunogenicity of cells and to immobilize anti-coagulant 
substances, our group and other groups has modified the cell surface with 
various amphiphilic polymers, such as poly(ethylene glycol)–phospholipid 
conjugates (PEG-lipids) [8-15]. Proteins have been immobilized on the cell 
surface through the amphiphilic polymer layer.  In this chapter, this technology 
was extended to local release of anti-coagulant enzymes, urokinase (UK) and 
TM, from islets. There were no reports on the local release of anti-coagulants 
from islet surface in order to suppress the thrombogenic reactions. PEG-lipids 
for the surface modification by hydrophobic interaction were employed, which 
enabled us to release of anchoring UK and TM from the islet surface with 
function of time.  
 
 
1. 2. Materials and methods 
 
Materials 
α-N-hydroxysuccinimidyl-maleimidyl PEG (NHS–PEG–Mal; 5,000 kDa) was 
purchased from Nektar Therapeutics (San Carlos, CA, USA). 
1,2-Dipalmitoyl-sn-glycerol-3-phosphatidylethanolamine (DPPE) was purchased 






amine, diethyl ether, heparin sodium salt, penicillin–streptomycin mixed solution 
(PC/SM), and 5,5′-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent) were 
purchased from Nacalai Tesque (Kyoto, Japan). Thrombin was from Kayaku 
Company (Saitama, Japan) and UK (high molecular weight, from human urine: 
54 kDa, 80,000 U/mg) was from Calbiochem (Darmstadt, Germany). Medium 
199 (for culture of islets) was from Invitrogen (Carlsbad, CA, USA). Anti-thrombin 
III (KENKETSU NONTHRON 500 (AT-III) was purchased from Nihon 
Pharmaceutical Company (Tokyo, Japan). Bovine albumin–fluorescein 
isothiocyanate conjugate (FITC–BSA), fibrinogen (type I), and plasminogen from 
human plasma were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Dulbecco’s phosphate-buffered saline (PBS) was obtained from Nissui 
Pharmaceutical Company (Tokyo, Japan). Fetal bovine serum (FBS) was 
purchased from BioWest (Miami, FL, USA), and enzyme-linked immunosorbent 
assay (ELISA) kits for insulin were from Shibayagi Company (Gunma, Japan). 
Spectrozyme PCa, Spectrozyme uPA and human protein C were purchased from 
American Diagnostica (Stamford, CT, USA). Traut’s reagent was obtained from 
MP Biochemicals (Solon, OH). Recombinant TM (Recomodulin Injection 12800) 
was kindly donated by Asahi Kasei Pharma (Tokyo, Japan). Recombinant TM 
(MW: 64 kDa) is obtained by expressing cDNA codes from 1st to 498th amino 
acid sequence of human TM in a Chinese hamster ovary cells. 
  
Synthesis of maleimide–PEG–conjugated DPPE  
Maleimide–PEG–conjugated DPPE (Mal-PEG-lipid) was synthesized from 
NHS–PEG–Mal and DPPE. NHS–PEG–Mal (180 mg), DPPE (20 mg), and 
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triethyl amine (10 µL) were dissolved in dichloromethane and stirred for 1 d at 
room temperature (RT) [9]. After precipitation in diethyl ether and freeze drying, 
Mal–PEG–lipid was obtained (190 mg, yield 80%).  
 
Introduction of SH groups to FITC-BSA, UK and TM 
In this experiment, FITC-BSA was used as a marker protein. FITC-BSA (2.5 
mg) was dissolved in 150 µL of PBS. Traut’s reagent (1.0 mg) was dissolved in 
100 µL of 50 mM phosphate buffer (pH 8.0) containing 1 mM MgCl2, 50 mM KCl, 
and 0.15 M NaCl. Specific amounts of the Traut’s reagent solution was added to 
the BSA solution and shaken for 1 h at RT to introduce thiol groups. The molar 
ratios of Traut’s reagent to BSA molecules ranged from 150 to 600. FITC–BSA 
carrying thiol groups (FITC–BSA–SH) was obtained by purification using a 
SephadexTM G-25 M column. The concentration of thiol groups on BSA was 
determined by Ellman’s reagent. Briefly, Ellman’s reagent (0.25 µM in ethanol) 
was mixed with FITC–BSA–SH for 5 min at RT, and the absorption at 412 nm of 
the solution was measured. Based on the number of introduced thiol groups on 
BSA, the optimal concentration of Traut’s reagent was determined for 
modification of UK and TM. 
Traut’s reagent (2.58 µL, 1.0 mg/mL) was added to a UK solution (50 µL, 
3,000 units/mL). Traut’s reagent (1.15 µL, 40 mg/mL) was also added to a TM 
solution (50 µL, 12 mg/mL). The molar ratio of Traut’s reagent to the amino 
groups of both proteins was 10:1. The mixed solutions were shaken for 1 h at RT. 







Immobilization of proteins to cell surface with Mal–PEG–lipid 
To demonstrate the immobilization of proteins on the cell surface using 
FITC–BSA–SH and Mal–PEG–lipid, a single-cell suspension of CCRF–CEM 
cells (established from acute lymphoblastic leukemia) which were obtained from 
the Health Science Research Resources Bank (Tokyo, Japan) and pancreatic 
islets were used in this experiment. The suspension of CCRF-CEM cells was 
cultured in RPMI-1640 medium supplemented with 10% FBS, 100 U/mL 
penicillin, and 0.1 mg/mL streptomycin (Invitrogen) at 37 °C under 5% CO2. 
Islets were isolated from the pancreas of female Syrian hamsters (7–8 wk old; 
Japan SLC, Shizuoka, Japan) using the collagenase digestion method [20]. All 
animal experiments were approved and accepted by the animal care committee 
of Institute for Frontier Medical Sciences, Kyoto University. The islets were 
maintained in Medium 199 culture medium supplemented with 10% FBS, 8.8 
mM HEPES buffer, 100 U/mL penicillin, 100 µg/mL streptomycin, and 8.8 U/mL 
heparin.   
CCRF–CEM cells were centrifuged at RT and about 1.0 × 106 cells were 
collected. After removal of the supernatant, 50 µL of Mal–PEG–lipid (0.5 mg/mL) 
solution in PBS was added to the cell suspension and the suspension was 
incubated for 60 min with gentle agitation at RT. After washing with PBS using 
centrifugation, a solution of FITC–BSA–SH (100 µL, 3.3 mg/mL in PBS) was 
mixed with the cell suspension and left for 10 min at RT. After washing with PBS 
using centrifugation, the cells were observed under a confocal laser scanning 
microscope (FLUOVIEW FV500; Olympus, Tokyo, Japan). 
The islets were cultured for 5-7 days after isolation to remove or sediment 
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cells that were damaged during the isolation procedure. Since the surface 
become smooth during culture, it is more appropriate to modify the surface with 
Mal-PEG-lipid. To modify islets, 0.5 mL of a Mal–PEG–lipid (0.5 mg/mL in PBS) 
solution was added to 400 islets and incubated for 30 min at 37 °C. After the 
Mal–PEG–lipid–modified islets were washed with PBS, 100 µL of 
FITC–BSA–SH (3.3 mg/mL in PBS), or 75 µL of a UK–SH and TM–SH mixture 
(600 U/mL and 2.4 mg/mL in PBS, respectively) was added and incubated for 30 
min at 37 °C. FITC–BSA or UK/TM-immobilized islets were washed with PBS. 
 
Measurement of UK and TM activities 
To examine the fibrinolytic activity of UK in the UK/TM-immobilized islets, a 
fibrin plate assay [10] was performed as previously reported with slight 
modifications. Briefly, fibrinogen (type I, 80 mg) and lys-plasminogen (0.2 mg) 
were dissolved in saline (8 mL) and poured into a culture dish (10 cm diameter). 
Thrombin (6.7 mM, 30 µl) was added to the solution and the dish was rotated to 
mix. The plate was incubated for 3 h at RT to prepare a fibrin plate. The 
UK/TM-immobilized islets (100 islets) and non-treated islets (100 islets) were 
spotted on the fibrin plate. After incubation at 37 °C for 14 h, the fibrin plate was 
observed. 
The activity of TM was determined from the amount of activated protein C 
(APC) that was produced [7]. TM-immobilized islets were suspended in 20 mM 
Tris-HCl solution (pH 7.4, 83 µL) containing 50 mM CaCl2, 100 mM NaCl, and 1 
mg/mL BSA. UK/TM-immobilized islets (50 islets) were transferred into a well in 






(1 µL in PBS) were added, and the mixture was incubated at 37 °C. After 1 h 
incubation, the suspension was centrifuged and the supernatant was collected. 
Sodium heparin (100 µM, 2 µL in PBS) and 100 µM AT-III (2 µL in PBS) were 
mixed with the supernatant. After addition of 2 mM Spectrozyme PCa (10 µL), 
the mixture was incubated at 37 °C for 60 min, and absorption at 405 nm was 
measured. 
 
Determination of released TM and UK from islets 
UK/TM-immobilized islets (100 islets in 1 mL 20 mM Tris-HCl solution (pH 7.4, 
83 µL) containing 50 mM CaCl2, 100 mM NaCl, and 1 mg/mL BSA) were 
incubated at 37°C to determine the released UK and TM from islets. A part of the 
solution (200 µL) was taken at 0, 3, 6, and 24 h for the measurement and 200 µL 
of fresh buffer was added in replacement of the solution which was taken. The 
activity of TM in the buffer was measured as mentioned above. The activity of 
UK was measured. Briefly, after addition of 0.5 mM Spectrozyme uPA (10 µL) to 
90 µL of the supernatant, the mixture was incubated 37 °C for 60 min, and then 
the absorption at 405 nm was measured.  
 
Glucose-stimulated insulin release from islets 
A static glucose-responsive insulin assay was performed to examine the 
effects of surface modification of islets on their viability and insulin-releasing 
ability. After the islets were washed several times with Krebs–Ringer solution, 
they were sequentially incubated in 0.1 g/L, 0.3 g/L, and then 0.1 g/L glucose in 
Krebs–Ringer solution for 1 h each at 37 °C. The supernatants at each step were 
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collected, and the insulin concentrations were determined by enzyme-linked 
immunosorbent assay (ELISA). 
 
Statistical analysis 
Comparisons between two groups were made using Student’s t-test. p < 0.05 
was considered statistically significant. All statistical calculations were performed 
using the software JMP 5.0.1J.  
 
 
1. 3. Results 
 
Mal–PEG–lipid and Traut’s reagent for immobilization of proteins on cell 
surfaces 
In a previous study [9], it was demonstrated that thiol groups on poly(vinyl 
alcohol) can react with maleimide groups that are introduced onto proteins under 
physiological conditions. In this chapter, proteins were immobilized on the cell 
surface through the same chemistry as shown in Scheme 1. The amino groups 
on the proteins were transformed into thiol groups using Traut’s reagent.  Cells 
were treated with the Mal–PEG–lipid to introduce maleimide groups onto the cell 
surface by interactions between hydrophobic residues of the Mal–PEG–lipid and 
the lipid bilayer of the cell membrane. The thiolated proteins were then 
immobilized on the cell surface by thiol/maleimide bonding. 
To examine the efficacy of Traut’s reagent, BSA was treated with Traut’s 







BSA was determined. Figure.1 shows the relationship between the amount of 
Traut’s reagent and the amount of thiol groups on a BSA molecule. Thiol groups 
could be effectively introduced onto BSA with Traut’s reagent. Referring these 
results, the proteins, urokinase and TM, were modified with Traut’s reagent 
under 10:1 molar ratio of Traut’s reagent and amino groups of the protein. 1.5 
thiol groups were introduced per a protein molecule on average. 
 The surfaces of cells and islets were modified with Mal–PEG–lipid, followed by 
treatment with FITC-labeled BSA–SH (Figure.2 (a) and (b)). Fluorescence from 
Scheme.1 Method for immobilization of proteins onto cell surface. (a) Chemical structure 
of Mal–PEG–lipid conjugate. (b) Introduction of thiol groups to protein using Traut’s 
reagent. (c) Schematic illustration of immobilization of protein onto the cell surface 
through Mal–PEG–lipid. Mal–PEG–lipid anchored to the lipid bilayer membrane through 
hydrophobic interactions between the alkyl chains of Mal–PEG–lipid and the lipid bilayer. 
Thiol groups on the protein reacted with maleimide groups at the end of PEG chains on 
the cell membrane. 
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FITC–BSA was clearly seen at the periphery of each cell and islet. No 
fluorescence was observed on nontreated cells or naive islets treated with 
FITC–BSA (data not shown). BSA–SH could be immobilized onto the surface of 
cells and islets through Mal–PEG–lipid without damaging cell and islet 
morphology. Then the same method was applied to immobilize UK and TM on 
the surface of islets. 
 
Immobilization of UK and TM on islets 
Urokinase and TM were immobilized at the same time on the islet surface 
through Mal–PEG–lipid using the method described above. The morphology of 
the islets was well maintained as shown in Figure.2 (c) after the immobilization of 
UK and TM on the islet surface. This result suggested that the surface  
Figure.1 Effect of different concentrations of Traut’s reagent on numbers of thiol groups 







modification did not damage to viability of islets. The activity of TM on 
UK/TM-islets was estimated from the amount of APC produced in the presence 
of human protein C and thrombin. The APC production of the 80 UK/TM-islets 
was 1.21 nM over 1 h, whereas it was 0.20 nM from 80 naive islets, as shown in 
Figure.3, indicating effective immobilization of TM on the islets. This indicates 
that TM was successfully immobilized onto the surface of islets using 
Mal–PEG–lipid. In addition, the fibrinolysis activity of UK on the UK/TM-islets 
was semiquantitatively determined by a fibrin plate–based assay. Figure.4 
shows the fibrin plate after a 12 h incubation. Urokinase activates plasminogen, 
which produces plasmin in the fibrin gel; the plasmin then hydrolyzes fibrin gel, 
Figure.2 Microscopic images of modified cells and islets. (a); Fluorescent and 
phase-contrast microscopic image of  CCRF–CEM cells modified with FITC–BSA–SH, 
(b); Confocal laser scanning and phase-contrast microscopic image of islets modified 
with FITC–BSA–SH, (c); Phase-contrast microscopic images of UK/TM-immobilized 
islets after 1 day culture. 
 
Co-immobilization of urokinase and thrombomodulin 
 
 26 
yielding a transparent area in the fibrin gel plate. A large transparent area (2.0 
cm2, right bottom) was observed around the spotted islets, which reflected the 
fibrinolytic activity of UK immobilized on the islets. In contrast, the transparent 
area was small when naive islets were spotted (0.4 cm2, right bottom). This small 
transparent area around the naive islets might be due to small amounts of tissue 
plasminogen activator secreted by the endothelial cells of capillaries in the islets. 
After the UK/TM-islets were incubated in culture medium for 1 d, the dissolved 
area (left bottom) decreased to that of the naive islets. This indicated that the UK 
released from the islet surface. 
 
 
Figure.3 Activated protein C (APC) generation assay of UK/TM-immobilized islets. 
Amount of APC generation reflects TM immobilized on the islets. Data points represented 
by the mean ± standard deviation for n = 6. An asterisk represents a significant difference 







Release of UK and TM from UK/TM-islets 
The release behavior of UK and TM from UK/TM-islets was examined 
(Figure.5). 100 of UK/TM-islets were incubated in 1 mL buffer at 37°C. Aliquot of 
the buffer was collected from the islet suspension at pre-determined time and 
subjected to the assay for UK activity and TM activity with time. Urokinase and 
TM detected in the buffer increased with function of time, indicating that 
urokinase and TM anchored by PEG-lipid to the islet surface were gradually 
released from the surface and the enzyme activities were maintained well.  
Figure.4 Fibrin plate assay of UK/TM-immobilized islets. One hundred 
UK/TM-immobilized islets (0 h for right bottom, 1 d culture for left bottom) and untreated 
islets (top) were placed on a fibrin gel plate and incubated at 37 °C for 14 h. A large, 
transparent area formed around the islets, indicating dissolution of the fibrin gel by 
plasmin, which was produced from plasminogen in the presence of UK. 
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From the TM activity assay, about 83% TM on the islets was released during 6 h.  
 
Glucose-stimulation test of UK/TM-islets 
A glucose stimulation test was conducted to examine the effect of UK/TM 
immobilization on islet function. When the glucose concentration in the medium 
was increased from 0.1 g/dL to 0.3 g/dL, the amount of insulin released by islets 
in the three groups increased markedly in response (Figure.6).  Islets of three 
groups, naïve, Mal-PEG-lipid modified islets and UK/TM-immobilized-islets, 
increased insulin release in response to high glucose concentration (0.3 g/dL 
glucose). Insulin release returned to basal levels when the islets were 
re-exposed to 0.1 g/dL glucose. No significant differences were seen in the  
Figure.5 Release of UK and TM from UK/TM-immobilized islets. UK/TM-immobilized 
islets were incubated in buffer and then aliquots of the buffer were collected at certain 
time and were subjected to the assay for (a) UK activity and (b) TM relative activity. 
Percents of TM released were more than 100% at 6 and 24 h.  The amounts of TM on 
islets varied in preparations.  These values were calculated referring to the amount of 
APC generation shown in Fig. 3. Results are expressed as mean ± standard deviation for 







glucose stimulation indexes among the three groups. These results indicate 
that the PEG–lipid modification and UK/TM-immobilization did not influence the 
islets’ ability to regulate insulin release in response to glucose concentration, 
and the protein layer on islets did not retard the diffusion of glucose and insulin. 
 
 
1. 4. Discussion 
When islets are transfused into the liver through the portal vein, they are 
exposed to fresh blood. The blood coagulation and complement systems are 
activated on the islet surface during the early post-transplantation phase, 
initiating the release of chemotactic factors, tissue factor, chemokines, and other 
inflammatory mediators. It has been reported that the majority of transplanted 
islets are destroyed by the IBMIR [3]. Islet graft loss at the early phase is one of 
Figure.6 Glucose stimulation assays. Naive islets, Mal–PEG–lipid–modified islets, and 
UK/TM-immobilized islets (50 islets each) were incubated in solutions with different 
glucose concentrations for 1 h. The amount of insulin secreted from islets was 
determined by ELISA. Results are expressed as mean ± standard deviation for n = 5. 
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the most serious obstacles that remain to be solved in islet transplantation [2]. 
Several methods of regulating early coagulation and blood-mediated 
inflammatory reactions have been reported, such as administering the thrombin 
inhibitor Melagatran [5], activated protein C [16], low molecular weight dextran 
sulfate [4], and the water-soluble domain of complement receptor I (sCR1) [17, 
18]. Successful transplantation has been demonstrated in animal models by 
reducing islet loss. However, it is difficult to use these methods in a clinical 
setting because systemic administration is associated with an increase in the 
risk of bleeding. An alternative method is the immobilization of bioactive 
substances, such as heparin, sCR1, UK, and thrombomodulin, on islet surfaces 
to suppress IBMIR.  
Recently, Nilsson et al. reported that the graft survival of porcine islets could 
be improved by modifying the surface of islets with heparin [6], and Chaikof et al. 
reported immobilizing TM onto the surface of islets [7]. However, some aspects 
of their modification methods need to be improved prior to use in a clinical 
setting. Nilsson et al. employed the biotin–avidin reaction. Although this reaction 
can immobilize heparin on islet surfaces under physiological conditions, avidin, 
which is a xenogeneic protein, can induce unfavorable immune reactions. 
Chaikof et al. employed phosphine by Staudinger ligation. It is necessary to 
biosynthesize protein carrying a non-natural azido unit by a modified 
recombinant DNA technology.  The phosphine-based method is tedious and 
cannot be applied some bioactive substances, such as heparin.   
A versatile method to immobilize bioactive substances onto the surface of 






that a Mal–PEG–lipid conjugate anchored to the lipid bilayer of the cell 
membrane through hydrophobic interactions had no influence on islet 
morphology and function (Figures.2 and Figure.5). After this conjugate was 
anchored to the cell surface, thiolated bioactive substances—the fibrinolytic 
enzyme UK-SH or the anticoagulant TM-SH–were immobilized onto the end of 
the PEG chain through thiol/maleimide reactions. Since thiolation using Traut’s 
reagent is an established technique, it is easy to prepare thiolated bioactive 
substances. The immobilized UK and TM retained their fibrinolytic properties and 
anticoagulant activity, respectively (Figures.3 and Figure.4), indicating that the 
thromboses that form immediately after islet transplantation may be prevented or 
dissolved on transplanted modified islets.  Figure.4 shows UK on the islet 
surface did not stay there longer than 1 d.  When modified islets are infused 
through the portal vein, the islets are hanged in small braches of veins.  The 
results shown in Figure.6 indicates proteins, UK and TM, are released locally 
from the islet surface. From the release property of UK and TM from islet surface, 
most of them were released within 24 h. It was already reported that PEG-lipid 
on the cell membrane was gradually released from cell surface, which depends 
on the hydrophobicity of PEG-lipid [21]. Since enzymatic activities of released 
UK and TM were well maintained, they should inhibit the blood coagulation after 
intraportal transplantation. It was expect that the released enzymes effectively 
inhibit the blood coagulation surrounding the islets. 
Thrombotic reactions initiate when islets come into direct contact with blood in 
the portal vein, resulting in early graft loss induced by IBMIR within a few hours 
[22]. It has been believed that islets can be rescued by our surface modification if 
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this early phase blood reaction is controlled. Recently, it could demonstrate that 
the immobilization of UK on islet surface could rescue the graft from IBMIR after 
intraportal transplantation in mice [23]. The co-immobilization of UK and TM 
should be more effective for suppress of IBMIR because of their potent 
anti-coagulant. 
The results presented in this paper suggest that islet graft loss at the early 
phase caused by IBMIR will be effectively reduced by our method. The 
transplantation studies of modified islets is currently performing to demonstrate 
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Immobilization of anticoagulant-loaded liposomes on 




Type 1 diabetes is caused by the autoimmune destruction of insulin-producing 
pancreatic beta cells and inevitably leads to dependence upon exogenous 
insulin for control of blood glucose. Transplantation of islets of Langerhans 
(islets) has been proposed as a safe and effective treatment for type 1 diabetes 
patients and has been performed clinically for more than 15 y. Increased rates of 
insulin independence and glycemic stability after intraportal transplantation of 
islets have been achieved using the Edmonton protocol. However, some 
problems remain unresolved. For example, several pancreas donors are still 
necessary to achieve insulin independence in one recipient because more than 
50% of islets are destroyed immediately after intraportal transplantation [1], [2] 
and [3]. Early graft loss is reported to be caused by the instant blood mediated 
inflammatory response (IBMIR) [4] and [5].  
Systemic administration of anticoagulants and thrombin inhibitor have been 
administered to control IBMIR [6], [7], [8] and [9], and urokinase and soluble 
domains of thrombomodulin have been immobilized on islet surfaces [10], [11], 
[12], [13], [14], [15] and Chapter.1. The efficacy of these techniques has been 
examined in animal islet transplantation models, but a standard protocol has not 
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been yet established. In previous investigations, high molecular weight 
substances, such as heparin, thrombomodulin, and urokinase, were immobilized 
on islets. Low molecular weight drugs that act as inhibitors of blood coagulation 
enzyme, platelet, and complement are good candidates for immobilization and 
subsequent controlled release from the surface of islets. However, the methods 
that were used for immobilization of high molecular weight substances cannot be 
applied to immobilizing low molecular weight drugs on islet surfaces.  
In this report, we investigated a new method to immobilize a small drug on the 
cell surface with subsequent sustained release from the cells. Liposomes, which 
can be used to encapsulate small drugs inside of a membrane, were used as the 
drug carrier. Poly (ethylene glycol)-phospholipid conjugates (PEG-lipids) 
carrying ssDNA (oligo(dT)20 and oligo(dA)20) were used to immobilize liposomes 
on the cell surface. When oligo(dT)20- and oligo(dA)20-PEG-lipids are applied to 
cells and liposomes, respectively, their lipid portions anchor into the lipid bilayers 
of cell membranes and liposomes; thus, the cells and the liposomes present 
oligo(dT)20 and oligo(dA)20 on their surface. We hypothesized that liposomes 
would be immobilized on the cell surface by hybridization between oligo(dT)20 
and oligo(dA)20 when cells and liposomes were mixed. We applied this method 
to immobilize the thrombin inhibitor argatroban on the surface of islets and 
detected the release of argatroban by measuring antithrombin activity in the 
culture medium of the islets.  
 





2.2. Materials and methods 
 
Materials 
α-N-Hydroxysuccinimidyl-ω-maleimidyl poly(ethylene glycol) (NHS-PEG--Mal, 
MW 5000) and 1,2-dipalmitoyl-sn-glycerol-3-phosphatidyl-ethanolamine (DPPE) 
were purchased from NOF Corporation (Tokyo, Japan). Chloroform, 
dichloromethane, triethyl amine, diethyl ether, heparin sodium salt, and 
penicillin–streptomycin mixed solution (PC/SM) were purchased from Nacalai 
Tesque (Kyoto, Japan). RPMI 1640 medium and Dulbecco’s phosphate-buffered 
saline (PBS) were purchased from Invitrogen (Carlsbad, CA) and Nissui 
Pharmaceutical Company (Tokyo, Japan), respectively. Fetal bovine serum 
(FBS) was purchased from BioWest (Miami, FL, USA), and enzyme-linked 
immunosorbent assay (ELISA) kits for insulin were purchased from Shibayagi 
Company (Gunma, Japan). 1-Palmitoyl-2-[12-[(7-nitro-2-1, 
3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphoethanolamine 
(NBD-lipid) was purchased from Avanti Polar Lipids, Inc. (Alabaster, Alabama, 
USA). L-α-phosphatidylcholine from egg yolk, Type XVI-E (EggPC), 
Oligo(adenine)20 (oligo(dA)20), and oligo(thymine)20 (oligo(dT)20) carrying a 
protected SH group at the 5′-end (oligo(dA)20-SH, oligo(dT)20-SH) were 
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). The protecting group 
was removed from the -SH group by reduction of the disulfide bond with 
dithiothreitol (DTT) according to the manufacturer’s instructions. Argatroban [16], 
a thrombin inhibitor, was purchased from Yoshindo, Inc. (Toyama, Japan). The 
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SensoLyte 520 Thrombin Activity Assay Kit was purchased from AnaSpec, Inc. 
(Fremont, CA), and the Phospholipids C-test Kit was purchased from Wako Pure 
Chemical Industries, Ltd (Osaka, Japan). Nitrocellulose membranes (0.8 µm 
pore size), Millex-GP 0.22 µm filter units, and Isopore 0.1 µm membrane filters 
were purchased from Millipore Co. (Billerica, MA, USA). Sephadex G-25 M was 
purchased from GE Healthcare (Little Chalfont, Buckinghamshire, UK). 
CCRF–CEM cells (established from acute lymphoblastic leukemia cells) were 
obtained from the Health Science Research Resources Bank (Tokyo, Japan). 
 
Synthesis of oligo(dA)20– or oligo(dT)20– conjugated PEG lipids 
Oligo(dA)20- or oligo(dT)20-conjugated PEG-lipids (oligo(dA)20-PEG-DPPE or 
oligo(dT)20-PEG-DPPE) (Scheme 1(a)) were synthesized following the method 
reported previously [14, 16]. They were used for the surface modification of 
liposomes and cells without any further purification. 
 
Preparation of liposomes 
EggPC (20 mg) was dissolved in 3.0 mL of chloroform , and the solution was 
dried in a vacuum to prepare a dry thin lipid film on the inner surface of a 
round-bottom flask using a rotary evaporator. The lipid film was hydrated with 2 
ml of 0.1 mM argatroban in PBS solution and then the suspension was 
vigorously stirred for 3 h at room temperature (RT) to prepare the lipid vesicles. 
The suspension was extruded through a series of membrane filters with different 
pore sizes—0.8 µm, 0.22 µm (two times), and 0.1 µm (ten times)—to form small 
unilamellar vesicles or liposomes. The diameter of the liposomes was 





determined by dynamic light scattering (DLS-7000; Otsuka Electronics Co., Ltd, 
Osaka, Japan). The resultant liposome suspension was applied to Sephadex 
G25 M to separate the liposomes carrying argatroban (liposome-argatroban) 
from free argatroban. The fraction was collected every 1.0 mL. The 
concentrations of argatroban and lipid in each fraction were determined by 
UV-VIS absorption at 331 nm (DU 640; Beckman Coulter Inc., Brea, California, 
USA) and with the Phospholipids C-test Kit, respectively. To prepare 
fluorescence-labeled liposomes, 20 mg of EggPC in 2 mL of chloroform was 
mixed with 0.4 mg of fluorescence-labeled lipid (NBD-lipid) yielding a final 
concentration of 1.8 mol%. The procedures to prepare small unilamellar 
liposomes carrying NBD (liposome-NBD) were same as those described above. 
Oligo(dT)20 was introduced to the liposome surface by adding 20 µL of 
oligo(dT)20-PEG-DPPE (0.5 mg/mL in PBS) to the liposome-argatroban 
suspension (10 mg/mL in PBS) and incubating for 2 h at RT.  
 
Immobilization of oligo(dA)20 on cell surfaces 
CCRF–CEM cells were cultured in RPMI-1640 medium supplemented with 
10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Invitrogen) at 37°C 
under 5% CO2. CCRF–CEM cells were collected by centrifugation. After 25 µL of 
oligo(dA)20-PEG-lipid (0.5 mg/mL in PBS) solution was added to the cell pellet 
(1.0 × 106 cells), the suspension was incubated with gentle agitation for 1 h at RT. 
The cells were washed with PBS and collected by centrifugation. A suspension 
of oligo(dT)20-liposome-NBD (25 µL, 10 mg/mL in PBS) was added to the cells, 
and the cell suspension was left to incubate for 10 min at RT. The cells carrying 
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liposome-NBD were washed with PBS and collected by centrifugation. The cells 
were resuspended in 2 mL of culture medium, observed over time under a 
confocal laser scanning microscope, and analyzed by a fluorescence-activated 
cell sorter (FACS) (Guava EasyCyte Mini; Millipore, Billerica, MA, USA) 
equipped with a 488 nm diode laser. Data collected from 50,000 cells were used 
to generate a histogram. Untreated cells were used as a negative control. 
 
Immobilization of liposomes on islet surfaces by DNA hybridization 
All animal experiments were approved and accepted by the animal care 
committee of the Institute for Frontier Medical Sciences, Kyoto University, Japan. 
Pancreatic islets were isolated from the pancreas of male BALB/c mice (6–7 wk 
old; Japan SLC, Shizuoka, Japan) by the collagenase digestion method. The 
islets were maintained in RPMI 1640 culture medium supplemented with 10% 
FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin. The islets were cultured 
for 2 d after isolation to remove cells that were damaged during the isolation 
procedure. Since the surface of the cells becomes smooth during cell culture, it 
is more appropriate for surface modification. The basement membrane of 
isolated islets was lost immediately after enzymatic digestion, and laminin and 
collagen disappeared during culturing [17], [18]. The islets are suitable for 
surface modification using oligo(dA)20-PEG-lipid. The cultured islets were 
collected by centrifugation and the supernatant was removed. A solution of 
oligo(dA)20-PEG-lipid (0.5 mL, 0.5 mg/mL in PBS) was added to 100 islets, and 
the islet suspension was incubated for 1 h at RT. After the islet suspension was 
centrifuged and the supernatant was removed, 25 µL of 





oligo(dT)20-liposome-argatroban or 25 µL of oligo(dT)20-liposome-NBD 
suspension was added to the oligo(dA)20-islets. After 1 h of incubation, 
liposome-argatroban–immobilized islets or liposome-NBD-immobilized islets 
were washed with PBS. Liposome-NBD-immobilized islets were then observed 
over time under a confocal laser scanning microscope (FLUOVIEW FV500; 
Olympus, Tokyo, Japan).  
 
Immobilization of  liposomes on islet cells  
After 1.0 mL of trypsin/EDTA solution (0.5 mg/mL) was added to an islet 
suspension (100 islets), the suspension was incubated for 2 min at 37ºC. Islets 
were dissociated to single cells by pipetting gently and wash by HBSS. The 
immobilization of liposome-NBD was carried out as described in the former 
section (2.4). The modified cells were observed during culturing under a 
confocal laser scanning microscope. A line profile of fluorescence intensity 
across the cell was determined by Image J Version 1.37v.  Average 
fluorescence intensities at the cell membrane and inside the cells were 
calculated using following equation (see also Figure. 4(b)) 
 
Fluorescence intensities at the cell membrane = (Area (M1 + M2))/(Width L1 + L2)  
 
Fluorescence intensities inside the cell = (Area S)/(Width SL1)  
 
 
Measurement of argatroban activity 
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Liposome-argatroban–immobilized islets (50 islets) were incubated in culture 
medium (2 mL) at 37°C and the supernatant was collected at predetermined 
times. Antithrombin activity was determined with the SensoLyte 520 Thrombin 
Activity Assay Kit. Briefly, 200 µL of sample, 25 µL of diluted standard thrombin 
solution, 25 µL of diluted substrate, and 15 µL of buffer were mixed and 
incubated for 1h at 37°C. After stop solution (50 µL) was added, fluorescence 
intensity was determined (excitation/emission = 490/520 nm). Fresh medium 
(200 µL) was added to replace the solution that was taken as samples at each 
time point. 
 
Glucose-stimulated insulin release from islets 
After the islets were washed several times with Krebs–Ringer solution, they 
were sequentially incubated for 1 h each in 0.1 g/dL, 0.3 g/dL, and then 0.1 g/dL 
glucose in Krebs–Ringer solution at 37°C. The supernatants were collected at 
each step, and the insulin concentrations were determined by enzyme-linked 
immunosorbent assay (ELISA). 
 
Statistical analysis 
Comparisons between two groups were made using Student’s t-test. p < 0.05 
was considered statistically significant. All statistical calculations were performed 
using the software JMP 5.0.1J.  
 







Immobilization of liposomes on cell surfaces 
Liposomes were immobilized on CCRF–CEM cells and their stability during 
culture was examined. Oligo(dT)20-liposome-NBD was applied to the surface of 
CCRF cells that had been pretreated with oligo(dA)20-PEG-lipid. The cells were 
observed under a confocal laser scanning microscope. Fluorescence from NBD 
could be clearly observed at the periphery of each cell as shown in Figure.1 (a). 
By contrast, no fluorescence was observed on the surface of cells that were not  
Scheme.1 Schematic illustration of immobilization of liposomes onto islet surfaces. (a) 
Chemical structure of DNA-PEG-lipid conjugate. (b) Schematic illustration of 
immobilization of liposomes onto islet surfaces via DNA-PEG-lipids. DNA-PEG-lipid 
anchored to the membrane through hydrophobic interactions between the alkyl chains 
of DNA-PEG-lipid and the lipid bilayer. Oligo(dT)20 on liposomes hybridized with 
oligo(dA)20 at the end of PEG chains on the islet surface. 




pretreated with oligo(dA)20-PEG-lipid (Figure.1 (a)). These results indicate that 
liposome-NBD is immobilized through hybridization between oligo(dT)20 and 
oligo(dA)20 as shown in Scheme.1. 
 
Liposome-NBD–immobilized CCRF cells were cultured and observed by a 
confocal laser scanning microscope at different culture times. The fluorescent 
images became faint over the course of 6 h of observation, as shown Figure.1 
(a). The cells were analyzed by FACS for more quantitative analysis. As shown 
Figure.1 CCRF-CEM cells modified with oligo(dT)20-liposome-NBD. (a) ; Fluorescence 
microscopic image of modified CCRF–CEM cells at 0 hr, 1 hr, 3 hr, 6 hr of incubation in 
medium at 37°C and control that were not pretreated with oligo(dA)20-PEG-lipid (b) ; Flow 
cytometry analysis (FACS) for oligo(dT)20-liposome-NBD-immobilized CCRF-CEM cells. 
Results are expressed as mean ± standard deviation for n = 3. Mean fluorescence 
intensities were plotted as a function of time. Inset shows the raw profiles of FACS.  





in the inset of Figure.1 (b), the profiles showing the relationship between 
fluorescence intensities and cell numbers shifted left with time over the 6 h 
observation. Average fluorescent intensities of the cells at each time point were 
calculated from the profiles shown in the inset and summarized in Figure.1 (b). 
At 6 h, about 75% of liposomes were detached from the cell surface. 
 
Immobilization of liposome on islets 
Immobilization of liposome on single islet cells was examined using liposomes 
modified with lipid-NBD. Oligo(dA)20 was introduced onto the surface of islets 
using oligo(dA)20-PEG-lipid. Liposome-NBD that had been previously modified 
with oligo(dT)20-PEG-lipid was applied to the islets. The islets were observed 
under a confocal laser scanning microscope. The morphology of islets was well 
maintained after immobilization of the liposomes. Fluorescence from NBD could 
be clearly observed at the periphery of each islet as shown in Figure.2 (a), 
indicating that liposome-NBD was immobilized on the islet surfaces. Figure.2 
also contains confocal laser scanning microscopic images of the modified islets 
after 3 and 6 h. The fluorescence on islets decreased with time during incubation, 
indicating that liposomes were release liposome from the islets over several 
hours of incubation.  
 
Immobilization of liposome-argatroban on islets 
The lipid film coating the inner surface of a round-bottom flask was hydrated 
with an argatroban solution and liposomes carrying argatroban were prepared 
by extruding the lipid suspension through a series of membrane filters. The  




fractions of the resultant liposome suspension separated by the Sephadex G25 
M column were analyzed for argatroban and liposome concentrations. The 
concentrations of lipid and argatroban are plotted against the eluted volume in 
Figure.2 Immobilization of fluorescence-labeled liposomes on islet surface by DNA 
hybridization. Observation of liposome-immobilized islets at (a) 0 min, (b) 3 h, (c) 6 h, 
(d) 24 h and (e) 3 d of incubation in medium at 37°C. (f) Islets modified with 
oligo(dT)20-liposome (NBD). 





Figure.3. A single peak and two peaks were observed for lipid and argatroban, 
respectively. The concentration of argatroban was highest in the same eluted 
volume in which the lipid concentration was highest. This indicates that a 
liposome-argatroban complex was formed. Free argatroban was eluted from in 
the 7–15 ml fractions from the column. 
Oligo(dT)20-liposome-argatroban was prepared by the surface modification of 
liposome-argatroban with oligo(dT)20-PEG-lipid. Oligo(dT)20-liposome--argatrob 
 
Figure.3 Elution profile of argatroban-loaded liposomes through a Sepadex G25 M 
column. The concentration of argatroban hydrate was estimated by UV-vis absorption 
spectra (331 nm) (●, left y-axis). The concentration of EggPC was estimated with the 
Phospholipids C-test Kit (○, right y-axis). 




-an was added to oligo(dA)20-PEG-lipid–modified islets (Figure.2). The 
morphology of the islets was well maintained after they were treated with 
oligo(dT)20-liposome-argatroban and after a 1 d incubation in culture medium.  
 
Fate of liposomes on islet cells 
Fate of liposomes on islet cells was observed using single cells dissociated 
from islets (Figure. 4 (a)). Oligo(dT)20-liposome-NBD was immobilized to the 
surface of islet cells. Those cells were observed during culture under a confocal 
laser scanning microscope. Fluorescence from NBD was clearly observed at the 
Figure.4 Immobilization of fluorescence-labeled liposomes on single cells dissociated 
from islets by DNA hybridization. (a); Fluorescence microscopic image of modified islet 
cells at 0 hr, 1 hr, 3 hr, 6 hr and 12 hr of incubation in medium at 37°C. (b); A line profile of 
fluorescence intensity across the cell. (c); Averaged light intensities at the cell membrane 
(○) and inside of cell (●). (n = 10). 





periphery of each cell just after immobilization. Then, fluorescence intensity at 
the cell membrane gradually decreased with function of time. On the other hand, 
no clear change of fluorescence intensity was observed inside of the cells. Most 
of liposomes were released from the cell surface, but not internalized into the 
inside of cells (Figure. 4 (c)). 
 
Antithrombin activity of argatroban released from islets 
Liposome-argatroban–immobilized islets were incubated in culture medium, 
and 0.2 ml of the medium was collected at predetermined periods of time. 
Antithrombin activity in the media increased with longer culture periods, 
indicating that argatroban was gradually released from the liposomes (Figure. 5). 
Antithrombin activity in medium in which naive islets were cultured was quite low.  
 
Glucose-stimulated insulin release from islets 
A static glucose-responsive insulin release assay [16] was performed to 
examine the effects of surface modification of islets on their insulin-releasing 
ability. Three samples were examined: naive islets, oligo(dT)20 introduced islets, 
and liposome-argatroban–immobilized islets. The amount of insulin released 
from these islets is summarized in Figure.5. Insulin release markedly increased 
in all of these groups in response to an increase in the glucose concentration 
from 1.0 to 3.0 g/L in Krebs–Ringer solution. When the glucose concentration 
returned to basal levels, the insulin release in all of the samples also decreased 
to normal levels. No significant differences were seen among the three groups 
with regard to glucose stimulation indexes. This indicates that immobilization of  




liposomes on islet surfaces did not interfere with the islets’ ability to regulate 
insulin release in response to glucose concentrations. 
Figure.5 Antithrombin activity of argatroban released in the supernatant from 
oligo(dT)20-argatroban-liposome immobilized islets (●) and untreated islets (○). During 
the incubation period, supernatant from the oligo(dT)20-argatroban-liposome-immobilized 
islets was assayed for anti-thrombin activity. Results are expressed as mean ± standard 
deviation for n = 4. An asterisk represents a significant difference (p<0.05) between two 
groups. 






Figure.6 Glucose stimulation assays. Islets, oligo(dA)20-PEG-lipid–modified islets, and 
argatroban-loaded liposome-immobilized islets (50 islets each) were incubated in 
solutions with different glucose concentrations for 1 h. The amount of insulin secreted 
from islets was determined by ELISA. Results are expressed as mean ± standard 
deviation for n = 4. 




Our group previously reported a method to immobilize living cells on islets 
using PEG-lipids carrying ssDNAs (oligo(dT)20 and oligo(dA)20) [19]. HEK293 
cells were immobilized on islets. The cells stably persisted on the islets and after 
several days of culture, the HEK293 cells fully enclosed the islets. By contrast, 
liposomes that were immobilized on islets using the same molecules, 
PEG-lipid–carrying ssDNAs, were rapidly released from the islet surface, as 
shown in Figure. 2. It is not entirely clear why the cells remained immobilized on 
the islet surface while the lipids were released. The interactions between 
PEG-lipid–carrying ssDNAs or hydrophobic interactions between the part of 
lipids and cell membranes are not stable enough to immobilize liposomes or 
cells on islets for long periods of time. The HEK293 cells were initially 
immobilized on the islets through interactions between oligo(dT)20 and 
oligo(dA)20. However, cell–cell interactions through cadherins may play a role in 
stabilizing HEK293 cells on islet surfaces after several hours of culture.  
We expected that argatroban would be released from liposomes on the islets. 
As shown in Figure.2 and 5, the release rate of argatroban, which was 
determined from antithrombin activity in the culture medium, was slightly higher 
than predicted based on the concentration of liposomes immobilized on islets; 
however, the difference was not significant. Anti-coagulant activity should remain 
on islets for about 1 day to rescue islets from IBMIR [21]. Argatroban release 
rate of our system is slightly higher. The lengths of the alkyl chains of the 
PEG-lipid molecules and the lipid compositions used to prepare liposome should 
be carefully examined to optimize the release rate of liposomes from the islets. 





It is important to suppress blood coagulation triggered by the islet since IBMIR 
is involved in the early graft loss of islets. Systemic administration of 
anticoagulants and thrombin inhibitor has been done to control IBMIR [6], [7], [8] 
and [9], but patients may then be at a high risk for bleeding. Our approach is 
promising because argatroban can be released from the islet surface and blood 
coagulation can be locally suppressed around islets without affecting insulin 
release function of islets. However, it is expected that relatively high local 
concentration of the drug at the cell surface and high influx into cell due to 
activate endocytosis/phagocytosis can cause immediate cytotoxic effect in case 
of many active compounds. It is important to optimize a drug loading amount to 
liposomes without deteriorative effects on cells, but effectively exertion of 
medicinal effect surround the cell.   
This is the first examination for the release of small drugs from the islet 
surface. A variety of anticoagulants and drugs can be available by the use of 
release from liposome. If an appropriate drug is selected, it is possible to 
suppress IBMIR effectively. We are currently performing transplantation studies 
to examine the efficacy for inhibiting IBMIR in vivo. And we will report near 
future. 
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In the past decade, therapeutic devices containing living cells or tissues have 
been studied extensively for tissue engineering and regenerative medicine 
applications. Stem cells, including embryonic stem (ES) cells, somatic stem cells, 
and induced pluripotent stem (iPS) cells, have been identified and studied [1–3] 
that show promise for treatment of diseases such as type I diabetes, 
Parkin-son’s, Alzheimer’s, ALS, and Huntington’s disease [4–11]. Experimental 
manipulation of cell–cell interactions is a valuable method for inducing 
differentiation of stem cells for use in cell-based therapies. In addition, the 
differentiated cells can be manipulated further for use in regenerating tissues or 
organs. Cell–cell interactions must be tightly controlled for generating 
cell-type-specific tissues or organs. Cell–cell interactions are also used to 
develop pluripotent stem cells themselves. It was reported recently that somatic 
cells could be transformed into pluripotent stem cells by fusion with ES cells [12]. 
In this method, somatic cells and ES cell attachments formed first, and 
attachment was followed by induced cell fusion. 
Cell–cell interactions are also very important in embryo development and in 
the maintenance of homeostasis. Methods for studying and controlling cell–cell 
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interactions are currently being developed using both biomedical and 
engineering approaches. Our group has studied the surface modification of living 
cells using amphiphilic polymers such as PEG-conjugated phospholipid 
(PEG-lipid) derivatives [13–19]. Specifically, our previous efforts were directed 
towards modification of cell surfaces and islets of Langerhans (islets) by 
introducing functional groups and polymers for improving graft survival after 
transplantation. Recently, immobilization of cells to the surface of islets using 
PEG-lipid and a biotin/streptavidin reaction resulted in encapsulation of the 
whole islet surface with layers of cells [19]. It seemed possible to use this 
method to induce cells to attach to a substrate. Although the biotin/streptavidin 
reaction is well characterized and is used frequently in biological studies, it has 
some disadvantages. Specifically, streptavidin is derived from bacteria and is a 
potent antigen in humans; further, the biotin/streptavidin association is so strong 
that it is difficult to be dissociated. 
In the present study, DNA hybridization was employed rather than the 
biotin/streptavidin reaction as a novel method for inducing cell–cell attachment 
and cell immobilization on a substrate. PEG-lipid, an amphiphilic polymer, as a 
carrier for oligoDNA with a specific sequence was used. Cells treated with the 
oligoDNA–PEG-lipid conjugate incorporated the lipid (and thus the oligoDNA) 
onto the cell surface. OligoDNA with the complementary sequence was similarly 
transferred onto the surface or other cells or onto a substrate. Cell–cell or 
cell–substrate attachments were subsequently induced via hybridization 
between the two complementary oligoDNAs. 
 





3.2. Materials and methods 
 
Materials 
α-N-Hydroxysuccinimidyl-ω-maleimidyl poly(ethylene glycol) (NHS-PEG-Mal, 
MW: 5000) was from Nektar Therapeutics (San Carlos, CA, USA). 1, 
2-dipalmitoyl-sn-glycerol-3-phosphatidylethanolamine (DPPE) was from NOF 
Corporation (Tokyo, Japan). Dichloromethane, triethylamine, and diethyl ether 
was from Nacalai Tesque (Kyoto, Japan). Hanks’ balanced salt solution (HBSS), 
minimum essential medium (MEM), and RPMI-1640 medium were from 
Invitrogen Co. (Carlsbad, CA, USA). Fetal bovine serum (FBS) was from 
Equitech-Bio, Inc. (TX, USA), and phosphate-buffered saline (PBS) was from 
Nissui Pharmaceutical Co. Ltd. (Tokyo, Japan). PKH67 Green Fluorescent Cell 
Linker Kit (PKH green) and PKH26 Red Fluorescent Cell Linker Kit (PKH red) 
were from Sigma–Aldrich Chemical Co. (St. Louis, MO, USA). n-Hexadecyl 
mercaptan was from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Glass 
plates (22 mm × 26 mm; thickness: 0.12–0.17 mm) were from Matsunami 
Glass Ind., Ltd (Osaka, Japan). Dithiothreitol (DTT) was from Wako Pure 
Chemical Industries, Ltd (Osaka, Japan). 
 
Synthesis of DNA-conjugated PEG-phospholipid (oligoDNA–PEG-lipid) 
Mal-PEG-lipid was synthesized by combining NHS-PEG-Mal (180 mg), 
triethylamine (50 µL), and DPPE (20 mg) with dichloromethane and stirring for 
36 h at room temperature (RT) [14]. After precipitation with diethyl ether, 
Mal-PEG-lipid was obtained as a white powder (190 mg, 80% yield). 1H NMR 
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analysis (CDCl3, 400 MHz, δ ppm): 0.88 (t, 6H, –CH3), 1.25 (br, 56H, –CH2–) 
3.64 (br, 480H, PEG), 6.71 (s, 2H, –HC]CH–, maleimide). The DNA sequences 
used in this chapter are listed in Table 1. DNA was synthesized by 
Sigma–Aldrich Chemical Co. DNA-SH was prepared by reduction of the disulfide 
bond with DTT according to the manufacturer’s instructions. A PBS solution of 
DNA-SH (1.0 mg) was mixed with Mal-PEG-lipid (5.0 mg) in PBS for 24 h at RT 
to prepare oligoDNA–PEG-lipid. OligoDNA–PEG-lipid (500 mg/mL in PBS) was 
used for surface modification of cells without purification. 
 
Cell cultures 
Two cell lines, CCRF-CEM cells (a human T cell lymphoblast-like cell line) and 
HEK293 cells (a human embryonic kidney cell line) were obtained from the 
Health Science Research Resources Bank (Osaka, Japan). Suspension culture 
of CCRF-CEM cells was performed in RPMI-1640 medium supplemented with 
10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Invitrogen) at 37ºC 
under 5% CO2. HEK293 cells that stably expressed enhanced green 
fluorescence protein (EGFP) (GFP-HEK) were the kind gift of Dr. K. Kato 
(Institute for Frontier Medical Sciences, Kyoto University). The GFP-HEK cells 
were maintained in MEM supplemented with 10% FBS, 100 U/mL penicillin, and 
0.1 mg/mL streptomycin. 
 
Surface modification of cells with oligoDNA–PEG-lipid and co-incubation 
of differentially modified cells  
For visualization under a fluorescence microscope, CCRF-CEM cells were 





labeled with PKH red or PKH green according to the manufacturer’s instructions. 
To exchange the culture medium, CCRF-CEM or GFP-HEK cells (4 × 106 
cells) were washed twice with HBSS and collected by centrifugation (180g, 5 min, 
25ºC). After the addition of oligoDNA–PEG-lipid solution (50 µL, 500 mg/mL in 
PBS) to the cell suspension, cells were incubated for 30 min at RT with gentle 
agitation. The cells were then suspended in 10mL HBSS, collected by 
centrifugation (180g, 5min, 25ºC), washed with another 10mL HBSS, and 
re-centrifuged to obtain oligoDNA–PEG-lipid-modified cells. 
After cells were treated with oligo(dA)–PEG-lipid or oligo(dT)–PEG-lipid, the 
oligoDNA–PEG-lipid-modified cells were mixed together in culture medium with 
the following ratios of oligo(dA)-cells:oligo(dT)-cells: 10:1, 4:1, 2:1, and 1:1. The 
cells were incubated with rotation at 100 rpm for 1 h at RT, followed by 
incubation at 37ºC under 5% CO2. The cells were observed over time using a 
confocal laser scanning microscope (FLUOVIEW FV500, Olympus, Tokyo, 
Japan) and a phase-contrast microscope (IX7, Olympus Optical Co. Ltd., Tokyo, 
Japan). 
 
Immobilization of oligoDNA–PEG-lipid modified cells to patterned 
substrates 
SeqA-conjugated PEG-lipid and SeqB-conjugated PEG-lipid were used for 
cell surface modification. For testing immobilization of the modified cells, 
substrate surfaces were modified using SeqA0 and SeqB0, the sequences 
complementary to SeqA and SeqB. 
Glass plates were cleaned with a piranha solution (7:3 mixture of concentrated 
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sulfuric acid and 30% hydrogen peroxide solution), washed 3  with Milli-Q water, 
and stored in a 2-propanol solution. For experiments, glass plates were mounted 
on a rotation stage in a metal vapor deposition apparatus (V-KS200, Osaka 
Vacuum Instruments, Osaka, Japan). A 1.0-nm chromium layer was deposited 
on the glass, followed by deposition of a 19-nm gold layer. The resulting glass 
plates coated with a thin layer of gold were immersed in an ethanol solution of 
n-hexadecylmercaptan (1 mM) to produce a surface with SAM-carrying methyl 
groups (CH3-SAM). The CH3-SAM surface was irradiated with an ultraviolet (UV) 
light at 180 mW/cm2 using an Optical ModuleX (SX-UI 501HQ, Ushio, Inc., 
Tokyo) equipped with a super-high-pressure mercury lamp (Ushio, Inc.) through 
a photomask with an array of transparent 1- or 2-mm circular dots in ambient air 
for 4 h. The plates were washed with ethanol to remove photodegradation 
products. A PBS solution of DNA-SH (600 mg/mL, SeqA0 and SeqB0), was 
applied to the UV-irradiated spots by manual pipetting and allowed to incubate 
for 2 h at RT. The substrate-coated glass plate was washed with HBSS before 
use. 
In the first series of experiments, SeqA-PEG-lipid modified CCRF-CEM cells 
(SeqA-PEG-cells) and SeqB-PEG-lipid modified CCRF-CEM cells 
(SeqB-PEG-cells) were mixed at the following ratios: 4:1, 2:1, 1:1, 2:1, and 4:1. 
The cell suspensions were applied to UV-irradiated spots that had been 
incubated with a 1:1 mixture of SeqA0 and SeqB0 (see above); cells were 
incubated on the immobilized-DNA surface for 10 min at RT. In a second series 
of experiments, the UV-irradiated spots were incubated with SeqA0 :SeqB0 at the 
following molar ratios: 4:1, 2:1, 1:1, 2:1, and 4:1. A 1:1 mixture of 





SeqA-PEG-cells and SeqB-PEG-cells was then applied to the UV-irradiated 
spots containing immobilized DNA. After washing with HBSS, cells attached to 
the substrate were observed using an upright fluorescence microscope (BX51, 
Olympus, Tokyo, Japan) and a stereomicroscope (MZF LIII, Leica, Solms, 
Germany). The number of attached cells was analyzed using ImageJ software 
(NIH, Bethesda, MD, USA). An inhibition assay was also performed using a 
solution of SeqA0 (200 mg/mL) that was added to the mixture of SeqA-PEG-cells 
and SeqB-PEG-cells. After incubation for 30 min, the mixture was applied to the 
SeqA0 and SeqB0-immobilized substrate and incubated for 10min at RT. After 
washing with HBSS, the cells attached to the substrate were observed using an 
upright fluorescence microscope. 
Substrates for cell attachment were also prepared using a contact printing 
technique. Poly(dimethylsiloxane) (PDMS) stamps were prepared as follows: A 
ledge pattern was fabricated on a PDMS surface using a laser beam machine 
(VLS2.30, Universal Laser Systems, Inc., Scottsdale, AZ, USA): The pattern 
consisted of unidirectional ledges (1 mm ×  1mm ×  10 mm) with 1-mm 
intervals between ledges. The ledge surfaces on the stamps were coated with a 
solution of SeqA0 or SeqB0 DNA-SH (600 mg/mL) and applied to the 
gold-layered glass plates. A second stamp coated with a solution of SeqA0 or 
SeqB0 DNA-SH was applied to the surface perpendicular to the previous ledge 
design. The glass plate sat at RT for 2 h to dry. The glass plate was then 
immersed in an ethanol solution of n-hexadecylmercaptan for blocking with 
CH3-SAM and washed with ethanol and Milli-Q water. A 1:1 mixture of  




SeqA-PEG-cells and SeqB-PEG-cells were applied onto the patterned substrate 
and incubated for 10 min at RT with gentle agitation. After washing with HBSS, 




Scheme.1 (a) Synthesis of DNA-conjugated PEG-DPPE (oligoDNA-PEG-lipid) from 
maleimide-PEG-lipid and DNA-SH. (b) Schematic illustration of the interaction between 
oligoDNA-PEG-lipid and the lipid bilayer comprising the outer cell membrane. The 
oligoDNA-PEG-lipid inserts into the cell membrane due to hydrophobic interactions 
between the acyl chain and the lipid bilayer. (c) Schematic illustration of cell-cell 
attachment through DNA hybridization between complementary oligoDNA-PEG-lipids 
incorporated into the outer cell membranes. 







Intercellular attachment through hybridization of complementary 
oligoDNA–PEG-lipid conjugates 
Scheme 1 shows how cells carrying complementary oligoDNA–PEG-lipid 
conjugates were tested for intracellular attachment. oligoDNA–PEG-lipids were 
synthesized using a thiol/maleimide reaction between Mal-PEG-lipid and 
DNA-SH in which the SH group was introduced at the 50-end of the DNA 
sequence. The DNA sequences used in this chapter are listed in Table 1. 
oligoDNA–PEG-lipids carrying complementary sequences were prepared: 
oligo(dA)20 and oligo(dT)20, SeqA and SeqA0 , SeqB and SeqB0 . Our previous 
studies demonstrated that amphiphilic PEG-lipids are spontaneously 
incorporated into the cell membrane’s lipid bilayer through hydrophobic 
interactions and that this incorporation has no cytotoxic effects [13–16,18,19].It 
was further showed that oligoDNA could be introduced onto the cell surface 
using a PEG-lipid (Scheme 1b). The strategy in the present study was to 
mediate cell–cell interactions by hybridization between complementary DNA 
sequences that were incorporated into the cells’ outer membranes (Scheme 1c). 
Incorporation of oligo(dA)20–PEG-lipid into the cell membrane and its ability to  
Table 1. Sequence of DNA for cell surface modification 
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hybridize with FITC-labeled oligo(dT)20 was examined first. A solution of 
oligo(dA)20–PEG-lipid was added to CCRF-CEM cells; after incubation, the cells 
were washed to remove unincorporated lipid, FITC-labeled oligo(dT)20 was 
added, and cells were observed using a confocal laser scanning microscope. As 
shown in Figure.1 (a) the FITC fluorescence was observed at the periphery of all 
cells, indicating that oligo(dA)20–PEG-lipids were incorporated into the outer cell 
membrane and that FITC-labeled oligo(dT)20 hybridized with the incorporated 
oligo(dA)20 DNA. When FITC-labeled oligo(dA)20 was added to 
oligo(dA)20–PEG-lipid modified cells, no fluorescence was observed on the cells. 
These results indicated that FITC-labeled oligo(dT)20 hybridized specifically with 
oligo(dA)20–PEG-lipids on the cell surface. 
Intercellular attachments could also be mediated by hybridization between 
Figure.1 Cell-cell attachment via DNA hybridization between complementary 
oligoDNA-PEG-lipids on cell surfaces. CCRF-CEM cells incorporated 
oligo(dA)20-PEG-lipid into the outer cell membranes. Cells were observed by a confocal 
laser scanning microscope after oligo(dA)20-PEG-lipid modified CCRF-CEM cells were 
further treated with (a): FITC-labeled oligoT20 and (b): FITC-labeled oligo(dA)20. (c): 
Cell-cell attachment between oligo(dA)20-PEG-lipid modified CCRF-CEM cells labeled 
with PKH red and oligoT20-PEG-lipid modified CCRF-CEM cells labeled with PKH green 
in culture medium (cells were mixed in a 1:1 ratio). Cells were observed over time using a 
confocal laser scanning microscope and a phase contrast microscope. (d): Cell-cell 
attachment between oligo(dA)20-PEG-lipid modified CCRF-CEM cells and 
oligoT20-PEG-lipid modified GFP-HEK293 cells (cells were mixed in a 1:1 ratio). (e): 
Control experiments for cell-cell attachment by surface modification with 
oligoDNA-PEG-lipid. (e-1): A mixture of CCRF-CEM cells labeled with PKH red and 
CCRF-CEM cells labeled with PKH green (no oligoDNA-PEG-lipid modification). (e-2): 
OligoT20-PEG-lipid modified cells. (e-3): A mixture of CCRF-CEM cells labeled with PKH 
green and GFP-HEK293 cells after rotation culture at 100 rpm (no oligoDNA-PEG-lipid 
modification). 
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oligo(dA)20 and oligo(dT)20, as shown in Figure.1 (c). CCRF-CEM cells labeled 
with PKH red were treated with oligo(dA)20–PEG-lipids (oligo(dA)20–PEG cells) 
and CCRF-CEM cells labeled with PKH green were treated with 
oligo(dT)20–PEG-lipids (oligo(dT)20–PEG-cells). Red oligo(dA)20–PEG-cells and 
green oligo(dT)20–PEG-cells were mixed at ratio of 1:1 and observed over time 
by a confocal laser scanning microscope (Figure.1 (c)). At 15 min after mixing, 
oligo(dA)20–PEG cells (red) and oligo(dT)20–PEG-cells (green) were attached to 
each other, with several cells attached in a linear fashion. At 60min, even more 
cells had attached to each other. At 3 h, the linear cell aggregates had gathered 
to form clumps of cells. At 6 h, the cellular clumps were still present in the culture 
medium. As a control experiment, PKH red- and PKH green-labeled cells with no 
oligoDNA–PEG-lipid treatment were mixed. These cells showed no attachment 
to each other (Figure.1 (e)). In addition, there was no self attachment between 
oligo(dT)20–PEG-cells. These results clearly showed that the attachment of 
different cells could be induced by hybridization between oligo(dA)20 DNA and 
oligo(dT)20 DNA on the cell surfaces. The ratio of the number of attachments 
between oligo(dA)20–PEG-cells and oligo(dT)20–PEG-cells to the total number of 
attachments for all cells was approximately 1 at 15 and 60 min of incubation, 
indicating the alternating attachment of oligo(dA)20–PEG-cells and 
oligo(dT)20–PEG-cells. At 3 h, the ratio had decreased to approximately 0.6, 
indicating that larger aggregates of cells had formed. Cell–cell attachments 
could also be induced between oligo(dA)20–PEG-lipid modified CCRF-CEM cells 
(red) and oligo(dT)20–PEG-lipid modified GFP-HEK cells (green), as seen in  






Figure.2 Immobilization of oligoDNA-PEG-lipid modified cells to a complementary 
oligoDNA’ modified surface. (a): Scheme for preparation of DNA’-patterned substrate and 
immobilization of oligoDNA-PEG-lipid modified cells. (b): Immobilization of 
oligo(dT)20-PEG-lipid modified CCRF-CEM cells labeled with PKH green to a single spot 
with immobilized oligo(dA)20-SH. The spot on the substrate surface was observed using 
an upright fluorescence microscope. (c): Attachment of oligo(dT)20-PEG-lipid modified 
CCRF-CEM cells to spots with immobilized oligo(dA)20-SH (solid lines) and 
oligo(dT)20-SH (dotted lines). The spots were observed using a stereomicroscope. (d): A 
mixture of SeqA-PEG-lipid modified CCRF-CEM cells and SeqB-PEG-lipid modified 
CCRF-CEM cells was incubated on DNA-immobilized spots where SeqA’ (top right), 
SeqB’ (bottom left), or a 1:1 mixture of SeqA’ and SeqB’ (top left and bottom right) were 
immobilized. (e): Inhibition assay for (d). A solution of SeqA’-SH was added to the mixture 
of SeqA-PEG-cells and SeqB-PEG-cells in advance and then the cells were incubated on 
the spots. 
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Figure.1 (d)). In contrast, no cell–cell attachments were observed between 
CCRF-CEM cells and GFP-HEK cells without oligoDNA–PEG-lipid modification 
(Figure.1 (e)). Thus, this method can be used to promote attachments between 
different kinds of cells. 
 
Attachment of oligoDNA–PEG-cells to complementary DNA immobilized on 
a solid substrate 
Glass plates with a thin layer of gold were modified with CH3-SAM and 
irradiated with UV light through a photomask with an array of 1- or 2-mm 
transparent circular dots. After washing the plates to remove photodegradation 
products, a solution containing DNA-SH was spotted on the dots in order to 
immobilize DNA via the Au/thiol reaction (Figure.2 (a)). Oligo(dT)20–PEG-cells 
labeled with PKH green were placed on the 2-mm spots where oligo(dA)20 
molecules were immobilized and incubated for 10 min. After removal of 
unattached cells by washing with HBSS, the surface was observed using an 
upright fluorescence microscope. As shown in Figure.2 (b), 
oligo(dT)20–PEG-cells attached to the oligo(dA)20-immobilized spot. Figure.2 (c) 
shows attachment of oligo(dT)20–PEG-cells onto a substrate with oligo(dA)20-SH 
and oligo(dT)20-SH spots. After oligo(dT)20–PEG-cells labeled with PKH green 
were applied and incubated for 10 min, and unattached cells were washed off 
with HBSS, the substrate was observed using a stereomicroscope (Figure.2 (c)). 
Oligo(dT)20–PEG-cells selectively attached to the oligo(DA)20-immobilized spots, 
with practically no attachment of cells to the oligo(dT)20-immobilized spots 
(dotted lines). 






These results showed that cells attached to the substrate through 
hybridization of DNA on the cell surface and on the substrate. Next, a similar 
array of spots with immobilized SeqA0, SeqB0, and a 1:1 mixture of SeqA0:SeqB0 
were prepared. A 1:1 suspension of SeqA-PEG-cells labeled with PKH red and 
SeqB-PEG-cells labeled with PKH green was incubated on the spots for 10min. 
After removal of unattached cells with HBSS, the surface was observed using an 
Figure.3 Varying the ratios of immobilized SeqA’ and SeqB’ DNA in spots on the 
substrate surface and the effect on cell attachment. A 1:1 mixture of SeqA-PEG-cells 
labeled with PKH red and SeqB-PEG-cells labeled with PKH green were applied to the 
spots. (a): The surface was observed using an upright fluorescence microscope. (b): The 
ratios of SeqA-PEG-cells (open circles) and SeqB-PEG-cells (closed circles) attached to 
each spot were determined from fluorescence images using ImageJ software. The 
composition of cells are plotted against the SeqA’:SeqB’ ratios in the spots.  
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upright fluorescence microscope. Figure.2 (d) shows SeqA-PEG-cells and 
SeqB-PEG-cells attached to SeqA0 and SeqB0-immobilized spots, respectively, 
and both SeqA-PEG-cells and SeqB-PEG-cells attached to spots where a 
mixture of SeqA0 and SeqB0 was immobilized. To test whether this interaction 
could be inhibited, SeqA0 was added to the mixture of SeqA-PEG-cells and 
SeqB-PEG-cells and the attachment of the cells to the substrate was examined. 
With the addition of SeqA0, there was no attachment of SeqA-PEG-cells to the 
SeqA0 spots, although SeqB-PEG-cells still attached to SeqB0 spots (Figure.2 
(e)). This inhibition assay indicated that cells were specifically attaching to the 
immobilized DNA via complementary DNA hybridization. 
The effects on cell binding to different ratios of immobilized SeqA0 and SeqB0 
on the substrate spots were examined. Five spots of immobilized DNA were 
prepared using the following molar ratios of SeqA0:SeqB0: 4:1, 2:1, 1:1, 1:2, 1:4. 
A 1:1 mixture of SeqA-PEG-cells labeled with PKH red and SeqB-PEG-cells 
labeled with PKH green was incubated on the spots, and unattached cells were 
removed by washing with HBSS. The substrate was observed using an upright 
fluorescence microscope (Figure.3 (a)). The number of cells that attached 
depended on the ratio of the complementary DNAs that were immobilized on the 
spots. The ratios of SeqA-PEG-cells to SeqB-PEG-cells attached to each spot 
were determined from fluorescence images using ImageJ software (open circles 
and closed circles in Figure.3 (b), respectively). The cell ratios correlated well 
with the mixture ratios of SeqA0 and SeqB0. 
Next, the attachment of oligoDNA–PEG-cells to a pattern on the substrate was 
examined; the pattern was prepared by a contact printing method using a PDMS  






stamp. As shown in Figure.4 (a), ledge surfaces on a PDMS stamp were coated 
with a solution of SeqA0 or SeqB0 DNA and pressed onto the gold surface. The 
same stamp was rotated 90º and again pressed to the surface, forming a cross 
pattern. A 1:1 mix of SeqA-PEG-cells and SeqB-PEG-cells was applied to the 
immobilized DNA, incubated, and washed with HBSS. Attached cells were 
observed using an upright fluorescence microscope. As shown in Figure.4 (b), 
SeqA-PEG-cells and SeqB-PEG-cells selectively attached to the stripes 
containing immobilized SeqA0 or SeqB0 DNA, respectively, demonstrating that 
cells could attach via DNA hybridization to a DNA pattern prepared using a 
contact printing technique. 
 
 
Figure.4 Immobilization of cells on a patterned substrate prepared by a contact printing 
method using a PDMS stamp. (a): SeqA’-SH and SeqB’-SH were immobilized (red and 
green lines, respectively) in the pattern shown here. (b): A 1:1 mixture of SeqA-PEG-lipid 
cells labeled with PKH red and SeqB-PEG-lipid cells labeled with PKH green was applied 
to the patterned substrate containing immobilized DNA. The substrate was observed 
using an upright fluorescence microscope. 




Cell surface modification is generally achieved three ways: by covalent 
conjugation to the amino groups of membrane proteins; by electrostatic 
interaction between cationic polymers and a negatively charged surface; and by 
incorporation of amphiphilic polymers into the lipid bilayer of the cell membrane 
by hydrophobic interactions [16]. It has been studied cell surface modification 
using amphiphilic polymers such as PEG-lipid derivatives that incorporate 
spontaneously into lipid bilayers [16,18]. Notably, this surface modification 
technique does not cause protein denaturation or have cytotoxic effects. Further, 
functional groups such as amino groups, maleimide, and biotin can be 
incorporated into the cell membrane using PEG-lipid derivatives bearing these 
groups [13–15]. 
In the present study, oligoDNA was introduced into the outer cell membrane 
using PEG-lipid. Cell–cell attachments between either the same types of cells or 
different types of cells were induced by incorporating complementary DNA 
sequences into two cell populations (Figure. 1); when mixed, the hybridization of 
the complementary sequences mediated cell–cell attachment. This 
DNA-hybridization technique was also used to attach DNA-modified cells to 
immobilized DNA on a substrate (Figure.2 and Figure.3). Anti-body–antigen 
reactions, cell-extracellular matrix interactions, and hydrophobic interactions with 
amphiphilic polymers have all been used to immobilize cells on surfaces [20–22]. 
Using these techniques, cell suspensions must be applied to each spot to 
prepare arrays of cells. Not only is this a tedious and time-consuming process, 
cell viability is lost during the preparation of the array. In contrast, the technique 





described here is quite simple, since a suspension of cells with different DNA 
sequences can be applied to surfaces that have spots of immobilized 
complementary DNA sequences. Thus, this technique can be used for 
preparation of cell-based arrays for many types of studies. 
To our knowledge, there are few previous studies that have achieved cell–cell 
attachment between different kinds of cells. It was previously reported the 
immobilization of living cells to the surface of islets of Langerhans for 
microencapsulation using PEG-lipids and the biotin/streptavidin reaction [19]. It 
is also possible to attach feeder cells to embryoid bodies for the analysis of 
differentiation of ES cells into neurons [Iwata et al., unpublished report]. The 
simple and versatile methods described here have many applications in both 
regenerative medicine and in tissue engineering. 
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Kinetic analysis of disulfide formation between thiol 
groups attached to linear poly(acrylamide) 
 
 
4. 1. Introduction 
Hydrogels are polymeric materials, which are formed by three dimensionally 
crosslinked polymer chains through chemical bonds and/or physical bonds and 
contain water as an extender. They have been used for various biomedical 
devices, such as contact lenses, drug delivery systems, scaffolds in tissue 
engineering, etc. However, some difficulties still remain in the preparation of 
suitable hydrogels for specific applications. In addition, chemical reactions used 
to crosslink polymer chains have destructive effects on living cells. Hydrogels 
are not still well characterized, because they are insoluble substances with few 
crosslinked points for gel formation. Our group has been working on 
development of a bioartificial pancreas in which islets of Langerhans (islets) are 
enclosed in various synthetic polymer hydrogels [1–5]. The hydrogels act as 
semipermeable membranes, which are expected to protect islets from attacks by 
the host immune system. The density of crosslinked points and their distribution 
determine permeability of oxygen and nutrients, which are required for survival 
of islets and also restrict access of antibodies and complement proteins that are 
harmful to islets. The mechanical properties of hydrogels, which are determined 
by the chemical characteristics of the main chains, the crosslinked bonds, and 
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the chain length between crosslinked points, exert large effects on tissue 
reactions and on the long term fate of the devices. Although crosslinkages can 
be controlled well, the characterization of chemical reactions are quite limited, 
which is important for enclosure of living cells and tissues. 
In this chapter, detailed kinetic analysis were carried out on disulfide formation 
between thiol groups hanging from poly(acrylamide-co-N-acrylcysteamine) 
(P-SH) as side chains. As schematically shown in Scheme 1, P-SHs were 
prepared following the method previously reported [3]. Acrylamide and 
N,N’-bis-acrylcystamine (BAC) were copolymerized,and the copolymers 
obtained were reduced to linear P-SHs. Hydrogels were prepared through 
formation of crosslinkages between pendant thiol groups on the P-SH polymer 
chains. Detailed kinetic analysis were carried out by determining thiol 
concentrations in reaction mixtures. 
 
 
4. 2. Materials and methods 
 
Materials 
Chemicals and their sources are the following; cysteamine dihydrochloride 
and 3,3’-dithiodipropionic acid from Aldrich Chemical, (Milwaukee, WI); acryloyl 
chloride, acrylamide, dithiothreitol (DTT), oxidized glutathione (GSSG), 
glutathione (GSH), and o-phthalaldehyde from Wako Pure Chemical Industries 
(Osaka, Japan); N,N,N’,N’-tetramethylethylenediamine (TEMED), ammonium 
peroxodisulfate, 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB), cysteamine 





hydrochloride and 2-hydroxyethyl disulfide from Nacalai Tesque (Kyoto, Japan). 
β-Nicotinamide adenine dinucleotide phosphate reduced form, (NADPH) and 
GSH reductase from Oriental Yeast (Tokyo, Japan). 
 
Synthesis of Poly(acrylamide-co-N-acrylcysteamine) 
The N,N’-BAC (bifunctional crosslinker monomer) was synthesized following 
the method reported by Hansen [6]. To purify BAC by recrystallization, it was 
dissolved in a minimum amount of chloroform at 50ºC, and then cooled slowly to 
room temperature. Crystals were collected by filtration (49.9% yield). A solution 
(10%, w/v) containing acrylamide and BAC (44:1 and 22:1, by molar ratio) in 
distilled water was prepared. Copolymerization was carried out by adding 
TEMED (5.6%, w/v) and ammonium peroxodisulfate (0.08%, w/v) to a monomer 
solution at 60ºC [7]. The obtained gel was crushed into small pieces and washed 
with phosphate buffer (0.1 M, pH 7.4) and then distilled water. The gel was 
solubilized by adding DTT in a proportion of 5 mol/mol of 
N,N’-bis-acryl-cysteamine. After adjusting the pH of the solubilized sol solution to 
3, the polymer solution was poured into a large amount of methanol solution 
under a nitrogen atmosphere to collect the linear P-SH. This copolymer was 
dried and then stored in vacuo until use. In this article, the P-SH copolymers 
prepared from the acrylamide and BAC at 44:1 and 22:1 by molar ratio are 
expressed as P-SH44 and P-SH22, respectively. N,N’-bis-Acrylcystamine in 
copolymers was identified by 1H NMR spectra (JNM-PMX60SI; JEOL, Tokyo, 
Japan) and elemental analysis [3]. 
The thiol content of P-SH copolymers was determined by the Ellman method 
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[10]. Briefly, P-SH was dissolved in distilled water at pH 3 (1.0%, w/v). An aliquot 
of the acidic solution of P-SH (20 µL of P-SH22 or 50 µL of P-SH44 aqueous 
solution) was added to DTNB solution (0.2 mL of a 1-mM solution prepared in 
0.1 M phosphate buffer, pH 7.4). After 10 min incubation, the absorbance of the 
solution was measured at 412 nm using a 1-cm cuvette. The thiol concentration 
was determined using the extinction coefficient of 13,600 M-1 cm-1. The average 
molecular weight of P-SHs was determined by gel permeation liquid 
chromatography (GPC), referring to a calibration curve of standard polyethylene 
glycols (Tosoh, Tokyo, Japan). Gel permeation liquid chromatography was 
performed for P-SHs using a series of columns of G6000PWXL and 
G3000PWXL (Tosoh, Tokyo, Japan) after the reduction of copolymers in 
phosphate buffer (0.2 M, pH 6.8) containing DTT (8.5 mg mL-1). 
 
Oxidation of P-SH by Oxygen 
P-SH was dissolved in distilled water at pH 3 ([P-SH] = 10%, w/v). This 
solution was diluted using dilute hydrochloric acid solution, or phosphate buffer 
(pH 7), or Tris-HCl buffer solution (0.25 M, pH 9) to prepare the reaction mixture 
with different pH values. The P-SH solutions were incubated at 25ºC with stirring. 
To evaluate the effects of dissolved oxygen in the reaction mixture on the 
oxidation rate of thiol groups, oxygen was continuously supplied to the reaction 
mixture by bubbling oxygen gas. An aliquot (20 µL) of the P-SH solution was 
withdrawn to determine thiol concentrations by the Ellman method as mentioned 
above. 
 





Thiol-Disulfide Exchange between P-SH and GSSG 
P-SH was dissolved in water ([SH] = 20 mM) and adjusted to pH 3 with dilute 
hydrochloric acid solution under a nitrogen atmosphere. GSSG (1 mM) was 
prepared in phosphate buffer (0.1 M, pH 7.4). The P-SH solution (4 mL) was 
added to GSSG solution (36 mL) at 37ºC under a nitrogen atmosphere to start 
the reaction. Aliquots of the reaction mixture (1.8 mL) were taken out over time 
and mixed with metaphosphoric acid (10%, 0.3 mL) to stop the reaction. 
 
Total Thiol 
The sample (100 µL) was diluted with phosphate buffer (2.65 mL, 0.05 M, pH 
7.4), and then DTNB solution (0.25 mL, 1 mM) was added. Total thiol 




The sample was filtered using Ultracent-10 devices (TOSOH, Tokyo, Japan) 
for 30 min. The ultrafiltrate (50 µL) was mixed with phosphate buffer (4.9 mL, 0.1 
M, pH 7.4) containing 0.01% o-phthalaldehyde [9]. 
After incubation for 30 min at 25ºC, the fluorescence emission intensity (λex: 
350 nm, λem: 420 nm) was measured. 
 
GSSG 
The sample (100 µL) was diluted with phosphate buffer (1.5 mL, 0.1 M, pH 
6.0). Solutions of NADPH (100 µL, 5 mg mL-1 ) and GSH reductase (100 µL, 2 
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unit mL-1 ) were added to the sample solution and incubated at 37ºC for 30 min. 
Metaphosphoric acid solution (50 µL, 10%) was added to inactivate the 
reductase after cooling to 25ºC. Phosphate buffer (3.75 mL, 0.125 M, pH 7.4) 
and DTNB solution (0.25 mL, 1 mM) were added. The absorbance was 
measured at 412 nm after incubation for 10 min. The concentration of GSSG 
was calculated from the difference between values with and without the 
reductase treatment. 
 
Gelation of P-SH Solution by Thiol-Disulfide Exchange Reaction 
Gelation was induced by a thiol-disulfide exchange reaction between P-SH 
and GSSG. P-SH was dissolved at 10%, w/v, into the phosphate-buffered 
solution adjusted to pH 3 by HCl. P-SH solution (0.5 mL) was pipetted into a 
glass test tube provided with a magnetic stirring bar, followed by incubation at 37
ºC. The solution in the glass test tube was adjusted to pH 7.4 with 1N NaOH 
solution, and then GSSG solution was added to initiate the thiol-disulfide 
exchange reaction. The final concentrations of GSSG in the reaction mixtures 
were 1, 5, 10, and 50 mM. The time required until the magnetic bar stopped 
stirring was recorded as the gelation time of the mixed solutions. 
 
 
4. 3. Results 
 
Synthesis of Poly(acrylamide-co-N-acrylcysteamine) 
N,N’-bis-Acrylcystamine was copolymerized with acrylamide by radical  






polymerization using ammonium peroxodisulfate and TEMED as a redox initiator, 
resulting in a hydrogel (Scheme 1). The hydrogel could be solubilized by 
reduction of disulfide bonds using DTT. The reaction mixture was poured into 
acidic methanol (pH = 3) to obtain a linear P-SH, because the rate of air 
oxidation of thiols to disulfides is very slow in acidic solution. The resulting P-SH 
precipitate could be dissolved in water even after drying and storage in vacuo. 
The characteristics of the obtained P-SHs are listed in Table 1. 
N-Acrylcysteamine incorporated into the P-SH was linearly proportional to 
BAC/monomer ratios in the monomer solutions used for copolymerization. 
According to the GPC measurements, the weight average molecular weights of 
P-SH22 and P-SH44 were almost the same, approximately 1.0 × 106. 
Scheme.1 Synthesis of poly(acrylamide-co-N-acrylcysteamine) 
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Table.1 Molecular Weight and thiol Content of Poly(acrylamide-co-N- 
acrylcysteamine)s. 
Copolymer AAm:BAC 
(mol:mol)                   
SH content 
(x10-3 mol/g) 
Mn Mw Mw/Mn 
  Calculated Observed x105 x105  
P-SH22 22:1 1.10 1.12 2.09 10.0 4.78 
P-SH44 44:1 0.590 0.615 2.93 10.4 3.55 
 
Auto-oxidation of Pendant Thiol Groups 
Pendant thiol groups of P-SH are expected to be oxidized by oxygen dissolved 
in its solution, resulting in disulfide bond formation as 
2P-SH + 1/2O2 → P-SS-P + H2O 
The reaction can be deconstructed into the following reactions [10]. 
P-SH + OH- ↔  P-S- + H2O 
P-S- + O2 → P-S + O2- 
P-S + O2- → P-S + O2-2 
2P-S   → P-SS-P   
O2-2 + H2O → 2OH- + 1/2O2 
The thiol radicals, P-S • , couple with each other and form a disulfide 
crosslinkage. It has been accepted that the rate determining step is a reaction of 
the anion (P-S-) with oxygen [11]. The anion (P-S-) concentration is linearly 
proportional to the thiol concentration [SH] due to the equilibrium between P-SH 
and P-S-. Thus, the rate of oxidation follows first-order kinetics with respect to 
[SH]. The rate of thiol disappearance under the constant oxygen concentration 
can be expressed by 
 


















        (2) 
 
where [SH]0 and [SH] are thiol concentrations at times 0 and t, respectively, and 
k is a reaction rate constant of the oxidation reaction. Concentrations of pendant 
thiol groups, [SH], were determined by the DTNB method. Changes of thiol 
group concentrations were plotted against reaction time using eq 2 in Figure.1 
and Figure.2. The rate of auto-oxidation of the thiol groups was dependent on pH 
(Figure.1). A decrease in thiol group concentration was not observed at pH 3 
during 6-h observation, but when the pH was increased to 7.4 and 9.0, the 
concentration of free thiols decreased more rapidly. Figure.2 (a) and (b) shows  
Figure. 1 Effect of solution pH on auto-oxidation rates of thiol groups in P-SH44 at 25 oC.  
Lines in the figure were derived from linear regression analysis of experimental points 
using the least-squares method. [P-SH44] = 1% (w/v); (○): pH 3; (•): pH 7; (∆): pH 9. 




analysis of decreases of thiol group concentrations at different polymer 
concentrations at pH 7.4 and 9.0 using eq 2. The first-order reaction rate 
constants determined from the slope of these plots (Figure.2), increased sharply 
with decreasing levels of the polymer P-SH, at concentrations less than 0.55%, 
w/v. At pH 9, the rate constant at 0.05%, w/v, was about eight times greater than 
that at 2%, w/v (Figure.3). 
As indicated above, a half mole of molecular oxygen is required for conversion 
of two moles of thiol groups to 1 mole of disulfide compound. Oxygen in the 
reaction mixture is consumed in advance of the reaction. For example, the thiol 
group concentrations in 0.5% PH-44 solution and the oxygen concentration in 
water at 25ºC equilibrated with air are 2.9 and 0.25 µmol mL-1 , respectively. 
Thus, the apparent reaction rate constant is expected to decrease with 
Figure.2 Effect of polymer P-SH44 concentrations on auto-oxidation rates at pH 7.4 and 
pH 9 at 25 oC.  Lines in the figure were derived from the linear regression analysis of 
experimental points using the least-squares method. Figure key: (○): 0.05%; (●): 0.1%; 
(∆): 0.5%; (▲): 1%; (□): 2%.  





increasing P-SH concentration due to insufficient oxygen supply. To demonstrate 
the effect of oxygen consumption on the reaction rate, oxygen was bubbled into 
reaction mixtures and the reaction rate constants were determined. With oxygen 
bubbling, the rate constant increased by about twofold (Figure.3). Even under 
oxygen bubbling, the rate constant in 0.05%, w/v, P-SH solution was about 2.5 
times higher than that in the 0.5%, w/v, P-SH solution. The great dependence of 
the rate constants on polymer concentration in dilute solutions could not simply 
be explained by oxygen consumption in the reaction mixtures. 
 
Thiol-Disulfide Exchange Between P-SH and Oxidized Glutathione 
Thiol-disulfide exchange spontaneously occurs when thiol and disulfide 
compounds coexist in a reaction mixture. Disulfide crosslinkages between P-SH 
can be induced by the thiol-disulfide exchange reaction. In this chapter, GSSG 
was used as a disulfide compound. Two thiol-disulfide exchange reactions are  
Figure.3 Dependence of rate constants for the auto-oxidation of thiol to disulfide on the 
polymer concentrations of P-SH44 at pH 9 and 25 oC.  Figure key: (○): without oxygen 
bubbling; (●): with oxygen bubbling. 
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Equilibrium constants K1 and K2 of the two reactions are expressed by 
 kk  K 211 = and 
 kk  K 432 =  
 
Kinetic analysis of these reactions was conducted. Total thiol concentrations in 
the reaction mixtures were determined by the DTNB method (see Materials and 
Methods). The concentrations of reduced form of glutathione [GSH] were 
estimated from the free thiol concentration in the ultrafiltrate of the reaction 
mixture. The concentrations of thiol groups on the polymer, (P-SH), are 
expressed by 
 
[GSH] - thiol][Total SH]-[P =  
 
The concentration of the oxidized form of glutathione [GSSG] is equal to the 
half of the difference between total thiol concentration in the ultrafiltrate of the 
reaction mixture before and after the reduction of GSSG by glutathione 
reductase, [GSH] and [GSH]r , respectively. 
 











The concentrations of heterodisulfide, [P-SS-G], and homodisulfide, [P-SS-P], 
can be calculated from [GSSG], [GSH], and [P-SH] using the respective 
equations 
 
[GSH] -[GSSG])-[GSSG] 2( G]-SS-[P 0=  
 
G])/2-SS-[P -SH]-[P-SH]-([P P]-SS-[P 0=  
 
where [P-SS-G] and [P-SS-P] are concentrations of each substance and the 
suffix 0 denotes the initial concentration. 
Figure.4 shows the concentration changes of each substance during the 
reaction between P-SH44 and GSSG over time. The differential equations for 
the changes in the concentrations with time of the individual substances are as 
follows: 
 
P][GSH]-SS-[PG]-SS-SH][P-[P                            







  (3) 
 
G][GSH]-SS-[P SH][GSSG]-[P  [GSSG]- 21 kkdtd −=               (4) 
P][GSH]-SS-[PG]-SS-SH][P-[P                            







  (5) 




P][GSH]-SS-[PG]-SS-SH][P-[P-  P]-SS-[P- 43 kkdtd +=   (6) 
 
These equations cannot be analytically solved. The concentration changes 
with time were numerically analyzed using Mathematica®. The solid lines in 
Figure.4 show the concentration changes of each substance calculated using 
fixed parameters for k1 = 100, k2 = 12.5, k3 = 50.0, and k4 = 10.4 M
-1s-1. The 
calculated values reproduce well the experimentally determined concentration 
changes of the substances with time. [P-SH] and [GSSG] decreased, whereas 
[GSH] increased with time simultaneously. The concentration of mixed disulfide, 
[P-SS-G] reached a maximum and then decreased to an equilibrium 
concentration. A short lag period was observed in the change of [P-SS-P]. When 
Figure.4 The change in the concentrations of each component (P-SH, GSH, GSSG, 
P-SS-G, P-SS-P) with time during the thiol-disulfide exchange reaction between P-SH44 
and GSSG at pH 7.4 and 37 oC.  P-SH44, 0.325, w/v, k1 = 1.67 Lmol
-1h-1, k2 = 0.208 
Lmol-1h-1, k3 = 0.833 Lmol
-1h-1 and k4 = 0.173 Lmol
-1h-1.  K1 = k1/k2 = 8.0, K2 = k3/k4 = 4.8. 





the initial molar ratio of [P-SH]0  to [GSSG]0 was 2, 60% of thiol groups on 
polymer, P-SH, was converted to disulfide, P-SS-P, after the reaction reached 
equilibrium. In the combination of P-SH and GSSG, the equilibrium shifted to the 
formation of the disulfide linkage. The equilibrium constants, K1 = k1/k2 and K2 = 
k3/k4 obtained from these kinetic studies are listed in Table 2. 
 
Table.2 Equilibrium Constants for the Thiol-disulfide Exchange Reaction in pH 
7.4 at 37 oC. 
Components P-SH(% (w/v)) K1 K2 
P-SH22 + GSSG 0.17 9.3 




Gelation time of P-SH solution 
As expected from the kinetic analysis of auto-oxidation of P-SH, the gelation 
time of the P-SH solution was highly dependent on the solution pH.  No gel 
formation was observed at pH 3 even after 24 h incubation. The gelation time 
became shorter as the pH increased. The gelation time of P-SH (10%, w/v, was 
24 h at pH 7.4 and 6 h at pH 8.8.  On the other hand, when GSSG was added to 
a P-SH solution, the gelation of the P-SH solution was immediately induced due 
to intermolecular disulfide bond formation between P-SH through the 
thiol-disulfide exchange. The gelation times of P-SH22 and P-SH44 are 
summarized in Table 3. With an increase of the fed concentration of GSSG, the 
gelation time became dramatically shorter. In the case of P-SH22, the gelation 
time decreased from 4 x 104 sec at 1 mM GSSG to 4 sec with 50 mM GSSG.  
Similarly, for P-SH44, the gelation time in the presence of 50 mM GSSG was 
5000 times more rapid than with 1 mM GSSG.  These results indicated that the 
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gelation reaction proceeded by the thiol-disulfide exchange reaction to form 
intermolecular disulfide bonds without consumption of oxygen at higher 
concentration of GSSG. 
 
 
4. 4. Discussion  
The rate constants of the thiol oxidation (Figure.3) were obtained under the 
assumption that the oxidation rate follows first order kinetics with respect to the 
thiol concentration [10]. Although the rate constants should be independent of 
the thiol concentrations, their magnitude decreased with increasing thiol 
concentrations, that is, the polymer concentrations. First it was expected that the 
decrease of the rate constant in higher thiol concentrations could be explained 
by insufficient oxygen supply. Even when oxygen bubbling provided an unlimited 
supply of oxygen, however, the rate constants decreased with increasing the 
thiol concentration.  Thus, the dependence of the rate constants on the thiol 
concentration could not be explained by oxygen consumption in the reaction 
mixtures. In our previous study [12], it was found that the rate constants of 
acetalization of poly(vinyl alcohol) carrying an aldehyde group at a chain end 
sharply increased with decreasing polymer concentration. This phenomenon can 
be explained by the second order reaction between -OH and –CHO and taking 
into account the intramolecular reaction.  It was expected that dependence of 
the rate constants on the thiol concentration can be explained by taking an 
intramolecular reaction into consideration [12, 13]. 
The thiol oxidation under the assumption was analyzed that the reaction is  






second order relative to the thiol concentration. The oxidation rate of thiol groups 



















  (8) 
 
where [SH]0 and [SH] are thiol concentrations at time 0 and t, respectively and k′ 
is the apparent second order reaction rate constant of the oxidation reaction. 
Changes of thiol group concentrations were plotted against the reaction times 
using Eq. (8) (Figure.5).  The data followed Eq. (8) much better than Eq. (2). 
Reaction rate constants, k′, were obtained from these plots. The rate constant, k′, 
Figure.5 Thiol concentration changes plotted with Eq. (8) under the assumption that the 
reaction follows second order kinetics with respect to the thiol concentration. Lines in the 
figure were determined by the linear regression analysis of experimental points using the 
least-squares method. Measurements were conducted at pH 7.4 and pH 9 at 25 oC.   
Figure key: (○): 0.05%; (●): 0.1%; (∆): 0.5%; (▲): 1%; and (□): 2%. 
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in the 0.05%, w/v, solution was several hundred times higher than that in 2%, w/v, 
solution at both pH values.  
Dependence of the rate constants on the polymer concentrations can be 
explained by taking an intramolecular reaction into consideration [12, 13]. A thiol 
group can react with thiol groups of other polymers as well as with each other 
within its own polymer. By taking this fact, the thiol concentration in the reaction 
system which is expressed by 
 
[SH] = { (the number of thiol groups in the reaction vessel) - (the number of thiol 
groups within the own polymer)}/ (the volume of the reaction vessel) + (the 






SHSHSH intint ][][][ +=  
 
where [SH]inter and [SH]intra are the concentrations of the inter- and 
intra-molecular thiol groups. The intramolecular thiol concentration becomes 
smaller than [SH]inter in a higher concentration, while it becomes predominant at 
dilute concentration.  Eq. (7) could be modified to reflect the contribution of the 
intramolecular reaction. The consumption rate of thiol groups can be expressed 
by 












   (9) 




















The concentration ratio of inter- and intra-molecular thiol groups can be 




















where [SH]inter0 and [SH]intra0 are the initial inter- and intra-molecular thiol 
concentrations, respectively. The intermolecular thiol concentration, [SH]inter, is 
{ (the number of thiol groups in the reaction vessel) - (the number of thiol groups 
within the own polymer)} / (the volume of the reaction vessel).  Here, (the 
number of thiol groups within the own polymer) is much smaller than (the 
number of thiol groups in the reaction vessel). It is practically expressed by 
 
[SH]inter = (the number of thiol groups in the reaction vessel) /(the volume of the 
reaction vessel) 
 
The intermolecular thiol concentration, [SH]inter, is numerically equal to a 
macroscopic concentration [SH] which can be determined by the DTNB method.  




















   (10) 
 
From this differential equation, the change of thiol group concentration with 




















  (11) 
When Eq. (11) is compared with Eq. (8), the apparent rate constant, k′, can be 
written using the rate constant, k′′, and the inter- and intra-molecular 
concentrations of thiol groups by   
Figure.6 Plot of the square root of the apparent rate constant, k′′, against the reciprocal 
of intermolecular thiol concentration, [SH]inter0. Rate constants, k′, for a second order 
reaction can be estimated from the intercepts and the intramolecular thiol concentration, 
[SH]intra0, can be estimated from the slope of these plots.  pH = 7.4: k′ = 1.31 M
-1hr-1, 
[SH]intra0 = 0.35, [P-SH44] = 0.35%, w/v;  pH = 9.0: k′ = 5.64 M
-1hr-1, [SH]intra0 = 7.76, 
[P-SH44] = 1.27%,w/v. 
















    (12) 
 
The intra-molecular thiol concentration, [SH]intra0, does not depend on the 
polymer P-SH concentrations and thus the apparent reaction rate constant, k′, 
increases with decreasing concentrations of polymers, that is, the 
inter-molecular thiol, [SH]inter0. The reaction rate constant, k′′, and the 
intra-molecular thiol concentration of P-SH44 were determined from the 
intercepts of the ordinate and slopes, respectively, of the plots of k′1/2 against 
1/[SH]inter0 for the reactions at different P-SH44 concentrations (Figure.6). The 
intra-molecular thiol concentration was ~5 mM, corresponding to about 0.9%, 
w/v, of the polymer P-SH44 concentration. Dependence of the rate constants on 
the polymer concentrations can be explained by the second order reaction 
mechanism and taking into account the intra-molecular thiol concentration. 
Unfortunately, it could not be found any preceding work in which the 
auto-oxidation of thiol to disulfide follows second order kinetics with respect to 
the thiol concentration.  
The disulfide formation rate between P-SH increased with the solution pH 
(Figure.1). The increased rate of thiol group oxidation with increasing pH is due 
to the elevation in the concentration of the thiolate anion intermediate P-S-.  As 
the pH increases, the deprotonation of P-SH is favored, and as indicated by the 
equilibrium reaction, the concentration of the intermediate anion increases. Thus, 
the reaction efficiently proceeds under alkaline conditions, but not under neutral 
or acidic conditions.  
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In addition, oxygen is consumed in advance of the auto-oxidation of thiol 
groups. Although the cross-linkage reaction for enclosure of living cells into 
hydrogel should be carried out under physiological conditions (pH = 7.4), the 
gelation rate is too slow to enclose living cells into hydrogel as indicated by the 
reaction rate of disulfide formation at pH = 7.4. Even when cells are successfully 
enclosed into hydrogel after a long gelation time, the cells hardly survive 
because oxygen in the reaction mixture is exhausted as the gelation proceeds. It 
is not practical to enclose living cells or islets of Langerhans (islets) into hydrogel 
by the auto-oxidation of pendant thiol groups [3]. 
Cross-linkage formation between P-SHs can be accelerated by the addition of 
a disulfide compound, GSSG, to a P-SH solution through the thiol-disulfide 
exchange. Concentrations of the components ([P-SH], [GSH], [P-SS-G], 
[P-SS-P], [GSSG]) at the equilibrium state under the gelation reaction were 
calculated using K1 = 8.0 and K2 = 4.8. The obtained concentrations are 
summarized in Table 3. Based on these values, the numbers of disulfide bonds 
per P-SH chain obtained are also listed in Table 3. The number of disulfide 
cross-linked bonds per a chain is the important parameter for the formation of gel. 
When a small amount of GSSG was added to the P-SH solution, the number of 
disulfide bonds formed was small. On the other hand, when a large amount of 
GSSG was added to the P-SH solution, disulfide bonds was rapidly formed, 
resulting in shorter gelation time. The reaction proceeded at physiological pH (= 
7.4) without consumption of oxygen. Therefore, the thiol-disulfide exchange 
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5. 1. Introduction 
Many diseases are caused by the disrupted function of particular cells in the 
human body. For instance, type I diabetes is caused by the destruction of 
pancreatic beta cells, and Parkinson’s disease is caused by the degeneration of 
dopaminergic neurons. Transplantation of functional insulin or 
dopamine-releasing cells isolated from human tissue has been performed in 
clinics to treat patients [1, 2]. However, due to the shortage of human organ or 
tissue donors, the number of patients treated with cell transplantation has been 
limited. New cell sources, such as embryonic stem (ES) cells or somatic stem 
cells, are currently being investigated. ES cells can proliferate indefinitely and 
can differentiate into the three embryonic germ layers: endoderm, mesoderm, 
and ectoderm [3]. Because they are pluripotent, ES cells have been thought to 
be a promising cell source for cellular therapeutic applications. Many studies 
with mouse and human ES cells have demonstrated effective derivation of 
insulin-releasing cells [4–6]. In our previous work, we derived ES cell progeny, 
including many colonies of insulin- and C-peptide-positive cells, from mouse ES 
cells. 
The progeny still contained insulin- and C-peptide-positive cells after nine 
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rounds of subculturing, but the population of insulin-releasing cells did not 
increase [7]. It has been reported that beta cells are capable of self-renewal 
[8-10]. If progenitor or immature insulin-releasing cells with proliferation potential 
could be isolated from ES cell progeny, a large number of insulin-producing cells 
could be obtained by in vitro cell expansion. Several methods to isolate specific 
cells have been developed. ES cell lines that carry a reporter gene have been 
established to isolate insulin-producing cells [11, 12], but other difficulties must 
be overcome before these genetically modified cells can be used as gene 
therapy in human patients. Fluorescence- or magnetic-activated cell sorters 
(FACS or MACS) are commonly used to isolate specific cells using antibodies 
against cell surface antigens. However, surface antigens specific to beta cells 
that can be used in FACS and MACS have not yet been identified. We wished to 
develop a simple and efficient method to identify and purify insulin-producing 
cells. In this chapter, we developed a simple method based on in situ 
immunoblotting to identify and isolate bioactive substance-producing cells from a 
tissue culture dish. Its efficacy was demonstrated using insulin-producing MIN6 
cells and alpha-fetoprotein (AFP)-producing Hep-G2 cells as model cell cultures. 
The cell spots were placed in an orderly array on the culture dishes. A 
nitrocellulose membrane coated with anti-insulin or anti-AFP antibodies was 
gently placed on the cell layer to bind to insulin or AFP released from the cells. 
The location of insulin- or AFP-producing cells was identified by immunostaining 
the membrane to detect the bound insulin or AFP. The insulin-producing cells 
could be selectively collected from the culture dish using the cloning ring method 
and replated onto another culture dish. 





5. 2. Materials and Methods 
 
Materials 
DMEM, Alexa488-conjugated goat anti-guinea pig IgG(H+L) antibody and 
Alexa594-conjugated goat anti-rabbit IgG(H+L) antibody were purchased from 
Invitrogen (Carlsbad, CA, USA). Skim milk, methylcellulose, 
penicillin-strreptomycin mixed solution (PC/SM), 4% ‐ Paraformaldehyde 
Phosphate Buffer Solution, 2.5g/L ‐ Trypsin/1mmol/L ‐EDTA Solution and 
ethanol were purchased from Nacalai Tesque (Kyoto, Japan). Dulbecco’s 
phosphate-buffer saline (PBS) was obtained from Nissui Pharmaceutical 
Company (Tokyo, Japan). Mouse anti-human insulin monoclonal antibody was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-human AFP 
monoclonal antibody was purchased from Acris Antibodies GmbH (Herford, 
Germany). Triton® X-100, 2-amino-2-hydroxymethyl-1,3-propanediol (Tris-HCl), 
NaCl, Polyoxyethylene (20) Sorbitan Monolaurate (Tween 20) were purchased 
from Wako Pure Chemical Industries, Ltd (Osaka, Japan). Polyclonal guinea pig 
anti-swine insulin antibody was purchased from Dako (Glostrup, Denmark). 
Rabbit anti-human AFP polyclonal antibody was purchased from Sanbio B.V. 
(Uden, Netherlands). Can Get Signal® Immunoreaction Enhancer Solution was 
purchased from TOYOBO CO., LTD. (Osaka, Japan). Donkey anti-guinea pig 
IgG(H+L) antibody conjugated with horseradish peroxidase (HRP) was 
purchased from Chemicon International, Inc. (Temecula, CA, USA). Goat 
anti-rabbit IgG(H+L) antibody conjugated with HRP was purchased from 
Jackson Immuno Research Europe Ltd (West Grove, PA, USA). Konica 
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Immunostain HRP-1000 was purchased from Konica Minolta Health Care Co., 
Ltd. (Tokyo, Japan). -Cellstain®- Hoechst 33342 solution was purchased from 
DOJINDO LABORATORIES (Kumamoto, Japan). 
 
Cell culture 
Immortalized mouse pancreatic beta cells, MIN6 [13], were kindly donated by 
Dr. Miyazaki (Osaka University, Osaka, Japan). Immortalized human hepatoma 
Hep-G2 cells, which secrete AFP, were obtained from the Health Science 
Research Resources Bank (Osaka, Japan). Both of these cell lines were 
routinely maintained using DMEM supplemented with 10% fetal bovine serum 
and antibiotics (10 U/ml penicillin, and 10 mg/ml streptomycin) in a humidified 
atmosphere of 5% CO2/95% air at 37ºC. 
 
Preparation of the silicon sheet 
A 76-mm × 26-mm slide glass (Matsunami Glass Ind., Ltd.; Osaka, Japan) 
was cut in half (see Scheme 1). It was washed with ethanol  and distilled water, 
dried by N2 blowing, and then coated with Barrier Coat (Shin-Etsu Chemical Co.; 
Tokyo, Japan) using a spincoater for 10 s at 1000 rpm followed by incubation at 
120ºC for 3 min. A frame made of a 1.0-mm-thick silicon sheet (As One Corp.,; 
Osaka, Japan) was put on the slide. A 10:1 mixture of a dimethylsiloxane 
prepolymer and a curing agent (Sylgard 184 Silicone Elastomer Kit, Toray 
Industries, Inc.,; Tokyo, Japan) was poured into the frame on the glass slide. The 
slide was left in a desiccator under reduced pressure for 45 min to remove air 
from the mixture. After another glass slide coated with Barrier Coat was placed  






on the mixture, it was cured at 120ºC for 45 min. The cured silicon sheet was 
removed from the glass plate and nine holes (1.9 mm in diameter) were punched 
out of the silicon sheet using a stainless steel pipe (1.9 mm inside diameter). 
 
Spotting cells on a culture dish 
The silicon sheet with 9 holes was rinsed with 70% ethanol and placed in a 
6-cm culture dish. 5 µL of a cell suspension containing 9000 MIN6 or Hep-G2 
cells was put into each hole of the silicon sheet. After 700 µl of PBS was left on 
the periphery of the dish to suppress evaporation of the culture medium, the dish 
was incubated for 6–7 h at 37ºC to allow cells to settle on the surface of the dish. 
PBS was removed from the dish and 7 ml culture medium was added on top of 
Scheme.1 In situ immunoblotting procedure for identifying cells releasing insulin or 
alpha-fetoprotein. 
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the silicon sheet. The dish was left overnight in a humidified atmosphere of 5% 
CO2/95% air at 37ºC. After cell adhesion onto the dish was confirmed, tweezers 
were used to remove the silicon sheet from the dish, using care not to disturb the 
cell spots. 
To examine the sensitivity, 5 µl of a cell suspension containing 1000, 3000, 
6000, or 9000 MIN6 cells was put into each hole of the silicon sheet and the dish 
was incubated for 7 h at 37ºC to allow cells to settle on the surface of the dish as 
described above. After the silicon sheet was removed, 4 µl of a cell suspension 
containing 1 × 106 Hep-G2 cells was applied into the culture dish. In situ 
immunoblotting was performed after 11 h additional culture as follows. 
 
In situ immunoblotting 
The outline of the immunoblotting procedure is shown in Scheme 1. A 
nitrocellulose membrane coated with antibodies against human insulin or 
against human AFP was prepared as follows. A plain nitrocellulose membrane 
(Bio-Rad Laboratories, Inc.,; CA, USA) was treated with mouse anti-human 
insulin monoclonal antibody in PBS (diluted 1:200) or mouse anti-human AFP 
monoclonal antibody in PBS (diluted 1:200) for 1 h at 37ºC. The membrane was 
blocked with a solution of 3% skim milk in (10 mM Tris–HCl, 100 mM NaCl, 0.1% 
Tween, pH 7.5), (TTBS) for 1 h at 37ºC and then washed twice with PBS. For in 
situ immunoblotting, the membrane carrying anti-insulin antibody or anti-AFP 
antibody should be placed gently on top of the cell layer. When a membrane 
directly touches the cell layer, the cells attach to the membrane and will be 
removed from the culture dish. In Teruya et al.’s study [14], a filter paper was 





inserted between the membrane and the cells; however, this procedure caused 
cells to deteriorate. Therefore, instead of using a filter to form a layer between 
the membrane and the cells, in this chapter we used a highly viscous culture 
medium prepared by adding 2% methylcellulose to the medium. The culture 
medium was removed from a dish that had been placed over the cells, and 1 ml 
of DMEM supplemented with 2% methylcellulose was added to the culture. The 
thickness of the medium layer was estimated to be about 470 mm, calculated 
using the volume of the culture medium added (1 ml) and the surface area of the 
culture dish (21.3 cm2). The nitrocellulose membrane carrying anti-human insulin 
antibody or anti-human AFP antibody was layered over the medium. After a 1-h 
incubation at 37ºC, 5 ml of culture medium without methylcellulose was infused 
underneath the membrane, and the membrane was carefully recovered with 
tweezers and washed twice with TTBS. Immunostaining was used to determine 
the position of immobilized proteins on the membrane. The membrane was 
treated with guinea pig anti-swine insulin polyclonal antibody (diluted 1:100) or 
with rabbit anti-human AFP polyclonal antibody (diluted 1:100) diluted with Can 
Get Signal Solution1 for 1 h at room temperature. After washing with TTBS, the 
membrane was incubated with donkey anti-guinea pig IgG(H+L) antibody 
conjugated with HRP (diluted 1:5000) or goat anti-rabbit IgG(H+L) antibody 
conjugated with HRP (diluted 1:2500) in Can Get Signal Solution2 for 1 h at 
room temperature. Finally, color was developed using Immunostain HRP-1000. 
 
Immunochemical staining of cells on culture dishes 
Cultured cells were fixed with 4% paraformaldehyde solution for 15 min at 
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room temperature in culture dishes, permeabilized with 0.2% Triton X-100 in 
PBS, and then blocked with 2% skim milk in PBS for 1 h at room temperature. 
The cells were treated with a mixture of guinea pig anti-swine insulin polyclonal 
antibody (diluted 1:100) and rabbit anti-human AFP polyclonal antibody (diluted 
1:200) in 2% skim milk in PBS at 4ºC overnight. After washing with 0.05% 
Tween-20 in PBS (TPBS), the cells were treated with a mixture of 
Alexa488-conjugated goat anti-guinea pig IgG(H+L) antibody (diluted 1:500, 
Invitrogen Corp.) and Alexa594-conjugated goat anti-rabbit IgG(H+L) antibody 
(diluted 1:500, Invitrogen Corp.) in 2% skim milk in PBS for 2 h. After washing 
with TPBS, the cells were treated with Hoechst 33342 fluorescent dye for 
nuclear DNA staining. 
Figure.1 Cell morphology before and after in situ immunoblotting. (a) and (b): MIN6 
cells;. (c) and (d): Hep-G2 cells. Scale bars: 200 µm. 





Collection of insulin-positive cells 
Images of the immunostained membranes were collected with a scanner 
(ES-8000; Seiko Epson Corp., Nagano, Japan). The captured image was 
reversed by using Adobe Photoshop version 5.0 (Adobe Systems Inc., San Jose, 
CA). The reversed image was printed and placed under the culture dish. The 
cells at the immunopositive positions were collected as follows. The culture 
medium was removed. Then cloning ring (inside diameter 3.4 mm, Asahi 
Technoglass Corp., Chiba, Japan) with silicon grease (Shin-Etsu Chemical Co.) 
at its rim was put on the dish at the immunopositive spot. A 0.25% trypsin EDTA 
solution was added into the cloning rings to detach cells from the culture dish.  
Trypsin activity was halted by adding culture medium containing serum into 
the cloning rings and the cells were collected. The cells were seeded into a well 
of a 96-well multiwell plate. These collected, plated cells were analyzed by 
immunostaining using the method described above for cells on a culture dish. 
 
 
5. 3. Results 
 
In situ immunoblotting 
No cell damage was observed for either MIN6 cells or Hep-G2 cells after a 
series of incubations with membranes (Fig. 1). Insulin and AFP, which were 
secreted from the cells and diffused to the nitrocellulose blotting membrane, 
bound to membranes carrying anti-insulin or anti-AFP antibodies, respectively. 
Those spots were visualized by immunostaining, as shown in Fig. 2 (a) and (b).  




The five positive spots could be seen on the membrane as shown in Fig. 3 
(a), too. As seen in Fig. 3 (a), 3000 MIN6 cells in a spot (φ = 1.9 mm) could be 
easily detected. The spot containing 1000 MIN6 cells might be possibly found. 
Thus 1000 MIN6 cells in a spot (φ = 1.9 mm) are the limit of detection by this 
method. 
 
Figure.2 Nitrocellulose membranes used for immunoblotting insulin or alpha-fetoprotein, 
and immunohistochemical staining of cell spots on a culture dish, and collection of MIN6 
cells from a spot identified using the in situ immunoblotting method. (a): Membrane used 
for immunoblotting insulin. (b): Membrane used for immunoblotting alpha-fetoprotein. (c): 
Cell spots stained with anti-insulin (green) and anti-AFP polyclonal antibodies (red). 
Scale bars in panels in (a), (b) and (c): 1 cm. MIN6 cells were collected from the spot 
using trypsin and a cloning ring, and were replated in a well of a 96-well plate. After 
incubation for 2 days, cells were immunostained using anti-insulin antibody. (d): 
Immunostaining image for insulin (green). (e): Nuclear staining image with Hoechst 
33342 (blue). (f): Merged image from panels (d) and (e). Scale bars in panels (d), (e) and 
(f): 100 µm. 





Figure.3 Nitrocellulose membranes used for immunoblotting insulin and 
immunohistochemical staining of cell spots on a culture dish. (a): Membrane used for 
immunoblotting insulin. Scale bar: 2 mm. (b): Merged image with the image of 
immunostained with anti-insulin (green) and that of nuclear staining with Hoechst 33342 
(blue). Scale bars: 500 µm. P1-P6 represent the position 1-6. Spots P1, P2, P3, P4, P5 
and P6 contained 1000, 6000, 0, 3000, 9000, 1000, respectively.  
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Immunochemical staining of cells on culture dishes 
To verify the correlation of immunoblotted spots on the membrane and cell 
spots on the culture dish, the cells on the culture dish were fixed and 
immunostained using anti-insulin antibody and anti-AFP antibody after removal 
of the membrane. Fig. 2 (c) shows photos of the immunostained culture dish. 
Insulin-positive (green) and AFP-positive (red) spots can clearly be seen on the 
culture dish. The immunoblots on the membrane shown in Fig. 2 (a) and (b) 
formed mirror images of the cell spots on the culture dish. On the other way, 
different numbers of MIN6 cells (1000, 3000, 6000 and 9000 cells) were put into 
each hole of the silicon sheet and left for 7 h to adhere to the culture dish. After 
the silicon sheet was removed, Hep-G2 cells were applied into the culture dish. 
In situ immunoblotting was performed after 11 h additional culture. Fig. 3 also 
includes micrographs of immunohistochemical insulin staining and nuclear 
staining of the spots. 
 
Collection of insulin-positive cells 
The collected MIN6 cells were reseeded in a well of a 96-well plate and 
cultured for 2 days in DMEM in 5% CO2 at 37 º C. Micrographs of 
immunohistochemical staining and nuclear staining of the MIN6 cells are shown 
in Fig. 2 ((d)-(f)).  
 
 
5. 4. Discussion 
Mouse MIN6 cells, which produce insulin, and human Hep-G2 cells, which 





produce AFP, were used as model cells to develop an in situ immunoblotting 
method for detecting and isolating protein-secreting cells from cell culture plates. 
The cells were spotted on a culture dish. In this experiment, five of the nine cell 
spots were MIN6 cells, and the other four spots were Hep-G2 cells. Highly 
viscous culture medium, prepared by adding 2% methylcellulose to medium, 
was added to the culture dish to form a thin layer of medium over the cell spots.  
A nitrocellulose membrane, previously coated with antibodies that recognize 
insulin or AFP, was gently placed on top of the cell spots but did not directly 
contact the cells. The viscous medium served as a 470-µm cushion between the 
cells and the membrane, preventing the cells from binding to the membrane. 
After a 1 h incubation at 37ºC, the membrane was carefully removed and 
immunostained for insulin or AFP. In Fig. 2 (a) and (b), the positive spots could 
be observed on the membrane and they formed the mirror images of the cell 
spots on the culture dish respectively. The co-existence of Hep-G2 cells in the 
spots did not interfere with the in situ immunoblotting. After removal of the 
membrane, the culture dish was washed with culture medium without 
methylcellulose and observed by phase contrast microscopy. The MIN6 cells 
and Hep-G2 cells did not have damage after the incubation of membrane.  
The aim of this chapter was to develop a method to isolate bioactive 
substance-producing cells from the progeny of stem cells. We have already 
described the method (in situ immunoblotting) used to locate the specific cells. 
The method used to retrieve the cells from a culture dish is shown schematically 
in Scheme 1. The reversed image of the immunoblotted membrane was printed 
and placed under the culture dish. A cloning ring was placed on cells located on 
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the insulin-positive blots, and trypsin solution was added to the ring. Cells were 
collected from the dish and reseeded in 96-well plate. The viability of the 
collected MIN6 cells was greater than 90%, as determined by the trypan blue 
exclusion test. MIN6 cells adhered well to the dish and formed cell clusters. This 
indicated that insulin releasing cells could be found and isolated by the 
combination of the in situ immunoblotting and the cloning ring procedure.  
To verify the limit of detection of the method and the effect of coexistence of 
other cells, difference numbers of MIN6 cells spot were prepared and Hep-G2 
cells were applied after removed the silicon sheet. In situ immunoblotting was 
performed after 11h additional culture. As a result, positive spot were observed 
and each color density on the immunoblotting membrane was correlated with the 
number of MIN6 cells in each spot. The color density increased with increasing 
numbers of MIN6 cells in the spot and the spot containing 1000 MIN6 cells might 
be possibly found. Thus 1000 MIN6 cells in a spot (1.9 mm in diameter) are 
taken as the limit of detection by this method. 
In our experimental setup, insulin and AFP released from the cells travelled by 
diffusion to the blotting membrane and were trapped by the antibodies on the 
membrane. The time needed for one-dimensional diffusion over distance L can 
be estimated using the following equation, in which t represents time (in 
seconds) and D represents the diffusion coefficient (cm2/sec): 
 
 t = L2/2D        (1) 
 
The cells and the membrane were separated by 470 µm of culture medium,  






and the diffusion coefficients of insulin and AFP in water at 20ºC are D = 7.3 x 
10-7 cm2/sec and D = 6.6 x 10-7 cm2/sec [15], respectively. Thus, the time 
required for diffusing 470 µm is estimated using equation (1) to be about 30 
minutes for both insulin and AFP. The blotting membrane was left on the culture 
dish for one hour, allowing sufficient time for the diffused proteins to bind to the 
blotting membrane. 
Note that the diameters of the spots on the immunoblots (3 mm in diameter) 
are about 1.6 times larger than those of the cell spots on the culture dish. When 
Scheme.2 A secreted substance released from a cell diffuses to the membrane. (a): The 
substance is released from the cell. After t sec, the substance forms a cloud with radius 
Rt. (b): The substance is released from a cell spot with radius R0. A cell at the periphery of 
the cell culture spot forms a cloud with radius Rt. The diameter of the immunoblotted spot 
is expressed as diameter = 2R = 2R0 + 2Rt. 
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insulin and AFP diffuse vertically to the membrane, they also diffuse laterally. 
Suppose that a single cell adheres to a culture dish and continuously releases a 
substance as shown in Scheme 2A. Diameter of the area containing the diffused 
substance after time t is approximately expressed by equation (2) for 
two-dimensional diffusion, in which R is the radius in cm (and diameter is 2 × 
R) 
 
 t = Rt
2/4D        (2) 
 
In our experimental setup, each spot contained more than 9000 cells (1.9 mm 
in diameter). Referring to Scheme 2, a substance released by cells at the 
periphery of the cell spot diffuses a distance of Rt during time, t. Thus, the 
diameter of the immunoblotted spots can be roughly expressed by: 
 
 2R = 2R0 + 2Rt       (3) 
 
where R0 is the radius of the cell spot, Rt is obtained from equation (2), and R is 
the radius of a blotted spot on the membrane at time t. In this experiment, the 
diameter of the immunopositive spot on the immunoblot, 2R, is estimated to be 
about 3.7 mm after one-hour blotting using equation (2) and (3) and diffusion 
coefficient. This theoretical value is in agreement with the experimental diameter 
of the spots observed on the immunoblotted membrane. To obtain a blotting spot 
similar in size to the cell spot, the distance between the cell layer and the blotting 
membrane should be as small as possible. 
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When islets were tranlplanted into the portal vein, the exposure of islet surface 
to fresh blood activated the coagulation and complement system. The majority of 
transplanted islets are destroyed at early post-transplantation stage by instant 
blood-mediated inflammatory reactions (IBMIR). Several anticoagulants inhibit 
IBMIR but they have a high risk of bleeding. The localization of anticoagulant is 
necessary as an alternative method. 
In this chapter, urokinase and TM were immobilized to islet surfaces through a 
Mal–PEG–lipid conjugate using thiol/maleimide reactions. The thiol groups were 
introduced to the amine group of enzymes by Traut’s reagent. The activities of 
UK and TM were maintained on the islet surface. Furthermore, the surface 
modifications did not influence the islets’ morphology or ability to secrete insulin 
in response to changes in glucose concentration. It is expected that the islet graft 
loss caused by IBMIR at the early stage of islet transplantation can be avoided 
by this method. 
 
Chapter.2 
In chapter 1, it was successful to immobilize urokinase and TM on the islet 
surface by using Mal-PEG-lipid. Both enzymes kept their activity and released 
from islet surface with function of time. However, this method can not be applied 
to low molecular weight drug because the amine group of drug is essential to 




In this chapter, a low molecular weight anticoagulant, argatroban-loaded 
liposomes can be immobilized on islet surfaces. OligoDNA were introduced to 
liposome and islet surface by hydrophobic interaction. Next, liposome and islet 
were linked by DNA hybridization. Argatroban in the liposome was gradually 
released, based on measurements of its antithrombin activity. By the observation 
of single islet cell, few liposomes were internalized into the inside of cell. The 
surface modification did not influence islet morphology or the islets’ ability to 
secrete insulin in response to changes in glucose concentration. This method 
may reduce the islet graft loss caused by IBMIR. 
 
Chapter.3 
Stem cells are expected as a source of living cell and tissue for regenerative 
medicine. At the stage of stem cells differentiation, cell-cell interaction is an 
important factor. On the other way, to control cell-cell reaction is necessary for 
the generation of cell-type-specific tissues and organs.  
In previous chapters, it is possible to immobilize protein or liposome on cell 
surface. In this chapter, by incorporating complementary DNA sequences 
attached to amphiphilic PEG-lipids into the membranes of two cell populations, it 
was induced cell–cell attachments that were mediated by DNA hybridization. 
The special attachment and control of attached cell ratio can be achieved. This 
technique was also used to successfully induce cell attachment to a substrate 
containing immobilized DNA. This method shows promise for use in analyzing 








Hydorgels that have three dimensionally crosslinked polymer chains are used 
for various biomedical devices. However, because they are insoluble substances 
with few crosslinked points for gel formation, they are not still well characterized. 
In this chapter, poly(acrylamide-co-N-acrylcysteamine)(P-SH) was examined 
for the preparation hydrogels for biomedical applications. Using only the 
auto-oxidation of thiols, the gelation rate was too slow to enclose living cells into 
hydrogel under physiological conditions at pH 7.4. The hydrogel formation rate 
can be accelerated by addition of disulfides, such as GSSG. The thiol-disulfide 




It is known that stem cells are investigated as new cell sources. If specific cells 
with proliferation potential could be isolated from ES cell progeny, a large 
number of could be obtained by in vitro cell expansion. 
In this chapter, a simple and efficient method was developed to identify and 
purify insulin-producing cells. A nitrocellulose membrane coated with anti-insulin 
antibody was placed gently on a cell layer to trap insulin released from the cells. 
The location of the cells releasing the insulin was determined by immunostaining 
the membrane-bound insulin. The insulin-releasing cells could then be 
selectively collected from the dish by trypsin treatment using a cloning ring. The 
method developed in this chapter may be useful for purifying and concentrating 










List of Publications 
 
Chapter.1: Co-immobilization of urokinase and thrombomodulin on 
islet surfaces by poly(ethylene glycol)-conjugated 
phospholipid. 
Chen H, Teramura Y, Iwata H. 
Journal of Controlled Release. 150 (2011): 229-234. 
 
Chapter.2: Immobilization of anticoagulant-loaded liposomes on cell 
surfaces by DNA hybridization 
Chen H, Teramura Y, Iwata H. 
Biomaterials. In Press. 
 
Chapter.3: Control of cell attachment through polyDNA hybridization. 
Teramura Y, Chen H, Kawamoto T, Iwata H. 
Biomaterials. 31(2010): 2229-2235. 
 
Chapter.4: Kinetic analysis of disulfide formation between thiol 
groups attached to linear poly(acrylamide) 
Hisano N, Iwata H, Teramura Y, Chen H, Ikada Y. 
Journal of polymer science. Part A, Polymer chemistry. 
49 (2011): 671-679. 
 
Chapter.5: Detection of insulin-releasing cells using in situ 
immunoblotting. 
Chen H, Sato H, Totani T, Iwata H. 


















  The present study was carried out from 2007 to 2011 under the continuous 
guidance of Dr. Hiroo Iwata, Professor of Institute for Frontier Medical Sciences 
in Kyoto University. The author is grateful to Professor Iwata for his careful 
guidance, constant encouragement, valuable discussion and details criticism on 
the manuscript throughout the present work. The completion of the present work 
has been an exiting project and would not have been possible without his 
guidance. 
  The author is also deeply indebted to Dr. Yuji Teramura, Assistant Professor of 
Institute for Frontier Medical Sciences in Kyoto University, for his sincere advice 
and valuable discussion on the study. 
  The author wishes to express his thank to Dr. Koichi Kato, Associate Professor 
of Institute for Frontier Medical Sciences in Kyoto University, for his constant 
guidance and helpful suggestions. 
  The author is also indebted to Dr. Yusuke Arima, Assistant Professor of 
Institute for Frontier Medical Sciences in Kyoto University, for intimate advice 
and valuable discussion. 
  The author wishes to take an opportunity to extend his hearty thank to all staffs 
and students of Department of Reparative Materials of Institute for Frontier 
Medical Sciences, Kyoto University, for their kind help. 
  Finally, the author expresses his gratitude to his parents, Mr. Hongjie Chen 
and Ms. Aihua Li, his grandfather Mr. Zhenwen Li, his grandmother, Ms. Yufeng 
Acknowledgements 
 132 
Zhu, for their cordial support and continuous encouragement. 
 
Institute for Frontier Sciences 
Kyoto University 
Hao Chen 
2011 August 
 
